Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-7-2020

Integration of virtual learning in college geology education
Youngwoo Cho

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Cho, Youngwoo, "Integration of virtual learning in college geology education" (2020). Theses and
Dissertations. 2767.
https://scholarsjunction.msstate.edu/td/2767

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v4.0 (beta): Created by L. Threet 2/5/19

Integration of virtual learning in college geology education

By
TITLE PAGE
Youngwoo Cho

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Earth and Atmospheric Sciences, Geospatial Sciences and Remote Sensing (minor)
in the Department of Geosciences
Mississippi State, Mississippi
August 2020

Copyright by
COPYRIGHT PAGE
Youngwoo Cho
2020

Integration of virtual learning in college geology education
By
APPROVAL PAGE
Youngwoo Cho
Approved:
____________________________________
Renee M. Clary
(Major Professor and Graduate Coordinator)
____________________________________
Shrinidhi Ambinakudige
(Minor Professor)
____________________________________
Padmanava Dash
(Committee Member)
____________________________________
Darrel Schmitz
(Committee Member)
____________________________________
Ryan Walker
(Committee Member)
____________________________________
Rick Travis
Dean
College of Arts & Sciences

Name: Youngwoo Cho
ABSTRACT
Date of Degree: August 7, 2020
Institution: Mississippi State University
Major Field: Earth and Atmospheric Sciences, Geospatial Sciences and Remote Sensing (minor)
Major Professor: Renee M. Clary
Title of Study: Integration of virtual learning in college geology education
Pages in Study: 210
Candidate for Degree of Doctor of Philosophy
The geology learning environments in college generally fall into three categories:
learning based on lectures, field excursions, and laboratory activities. Engaging students in these
environments and developing their interest, critical thinking skills, and problem-solving ability
have always been challenging in college geology education. This research developed virtual
learning methodology and integrated it into traditional geology education to achieve active
learning in order to engage students in the learning process. Virtual geology learning tools
(VGLTs), high-resolution virtual representation of geologic objects and/or the realistic virtual 3D
environment embedded with real-world terrains and animated photorealistic game objects, are
the outcome of the effort. VGLTs were integrated into different college geology learning
environments and were tested for their effectiveness. The primary finding of this study is that
integrating VGLTs into traditional college geology education was affirmed by geology
professionals and non-professionals as being helpful in creating effective learning environments
that can facilitate the active learning of students in both formal and informal educational settings.
VGLTs helped address students’ needs in many aspects of college geology education by utilizing
interactive and realistic virtual technologies. VGLTs are important because they can help address
different aspects of traditional college geology learning, increasing the versatility and integrity of

virtual learning in tandem with traditional learning. However, VGLTs should not replace
learning in the physical environment since geology is a discipline that aims to increase our
understanding of the physical world.
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CHAPTER I
INTRODUCTION
There have been efforts to improve college geology education by using various
approaches including active learning, cooperative learning, inquiry-based learning, informal
education and field-based learning, optimized science visualization techniques, and immersive
learning. Recent approaches have put more focus on learning with science visualization due to
the advancement of various techniques, particularly of geospatial sciences and three-dimensional
(3D) virtualization technologies.
Technologies from geospatial sciences include various 3D digital mapping systems, 3D
interactive map platforms and virtual globes, 3D reconstruction of the physical world with
photogrammetry, and satellite and aerial remote sensing. 3D virtualization technologies include
digital photography, digital image processing, digital graphics, 3D rendering, 3D modelling, and
animation and game programming.
This research investigates the development of virtual learning tools in college geology
education. Virtual learning, which is defined in this research as all types of learning that utilize
digital visualization techniques, has started to flourish within college geology education because
of abundant virtual learning tools that are available in various forms. Some popular virtual tools
include virtual geologic objects (Santos, Henriques, Mariano, & Pereira 2018; De Paor 2016),
panoramic images or panoramic virtual tours (Deng, Zhou, Li, & Hou 2016; Mead, Buxner,
Bruce, Taylor, Semken, & Anbar 2019; Santos et al. 2018), 3D topographic and geologic maps
1

in virtual terrain or virtual globes (Pavlis & Mason 2017; De Paor 2016; Santos et al. 2018;
Whitmeyer, Feely, De Paor, Hennessy, Whitmeyer, Nicoletti, Santangelo, Daniels, & Rivera, M.
2009), social 3D virtual world such as Second Life (Russell, Davies, & Totten 2008), and virtual
landscape which is a game-style virtual learning environment (Houghton, Lloyd, Robinson,
Gordon, & Morgan 2015; Minocha 2013). These virtual learning approaches have been used to
improve various aspects of college geology education particularly in situations where traditional
education cannot easily address the needs of students and instructors.
Statement of Problem
The consensus of previous researches is that many science courses, especially those at the
introductory level, lack interesting components and fail to deliver the excitement and discovery
that scientific researchers have experienced (Yuretich, Khan, Leckie, & Clement 2001). This has
alienated students by overemphasizing terminology that students perceive will never be used
again and by lacking unifying concepts to integrate diverse facts together, discovery, and
perceived relevance to students’ lives (Gabel 1994; Tobias 1990; Reynolds & Peacock 1998).
The introductory science courses have still been taught in large lecture classes which
makes it harder for instructors to interact with students. Teaching has continued to be based on
delivering students with the core concepts they will need to learn, even though various efforts
have been made to engage students in large lecture halls. Engaging students and developing their
interest, critical thinking skills, and problem-solving ability have always been challenging in
these environments.
Geology can no doubt be best taught in the field which is also one of the best ways to
engage students in learning. However, having field excursions with large classes is nearly
impossible. Taking field trips with a smaller class with mostly geology majors is not easy as well
2

when considering the distance to be traveled, time involved, possible safety issues, weather
conditions, and money to be spent on the trip.
Hands-on activities with real geologic samples such as rocks, minerals, and fossils are
another great way to engage students but are limited in the formal class environment. Students
cannot easily have opportunities to practice with the specimens outside the classroom, even
laboratory classrooms, because of the restriction for taking samples out. Distance-learning
students have also experienced limited chances to learn with physical samples.
In this research, I have explored how these problems, faced by most of the contemporary
college education, can be addressed and how students can successfully be engaged in learning by
utilizing virtual learning approaches.
Purpose of the Study
This research aims to develop the virtual learning methodology and to integrate it into
traditional geology education to achieve active learning in college geology education. In order to
address this goal, two primary research questions were investigated:
In college education,
1.

how can technologies be used to develop virtual geology learning tools (VGLTs)

in college geology education, and
2.

how effective is the integration of virtual geology learning in traditional geology

education to achieve active learning?
Chapters III and IV will respectively deal with each of these primary research questions.
In order to discuss the validity of the virtual geology learning tools for college education, the
first primary question is further broken down into the secondary research questions as follows:

3

SRQ 1a. Which learning aspects in traditional college education can benefit from virtual
strategies?
SRQ 1b. Does a VGLT fit well into the educational environment of colleges?
SRQ 1c. Are technologies and/or facilities for VGLTs supported in college education?
SRQ 1d. Are VGLT technologies chosen to support student engagement in the learning
process?
SRQ 1e. Can a VGLT be constructed to expand STEM education to incorporate students
with disabilities or with accessibility problems?
In order to assess the effectiveness of the integration of VGLTs in college geology
education, the second primary question is further broken down into these secondary questions as
follows:
SRQ 2a. Do students enjoy learning with VGLTs?
SRQ 2b. Do VGLTs help students learn concepts as much as traditional learning?
SRQ 2c. What factors affect students’ satisfaction about VGLTs?
SRQ 2d. Is the integration of VGLTs in traditional geology education effective in
achieving active learning?
Chapter III will be devoted to the discussion of the methodology used in developing
VGLTs. Chapter IV will discuss how I have applied and assessed these tools in traditional
college geology education. Chapter V will discuss how effective is the integration of VGLTs in
traditional geology education.
Significance of the Study
This research has developed new technologies and improved the existing ones for virtual
geology learning for the purpose of engaging students in learning in formal and informal geology
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education. The concepts of VGLTs are not novel but are reimagination, and from the
methodological point of view, they are the improvements and expansion of previous
methodologies.
The methods to utilize the latest technological developments to build virtual learning
tools are included in detail. These methods suggest how the quality of VGLTs can be improved
to strengthen students’ satisfaction and to facilitate students’ engagement in the learning process.
Importantly, these methods do not necessitate the use of equipment and software packages that
are expensive but use resources that every college can afford.
This research has applied VGLTs in formal college geology education and the results of
assessment of these tools in traditional college education can be used by researchers to improve
students’ engagement in college geology education.
Rapid technological advancement has been made in this field of virtual learning. Keeping
up to date with these advancements will ensure that geology educators adopt the state-of-the-art
technologies in teaching. This research also addresses the significance of the most integrated and
advanced utilization of these technologies in college geology education.
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CHAPTER II
REVIEW OF LITERATURE
The overall purpose of this research was to develop virtual geology learning strategies to
address various problems that college geology education has confronted, which can be related to
the lack of active participation and hands-on activities in large introductory geology courses,
inability to access the hand samples outside of class or in a distance learning courses, and limited
in-person field activities in college geology education. Additionally, student previews and
reviews of field experiences are limited to 2D images or videos.
Before discussing further about how virtual geology learning has addressed these
problems, I will review some important research that forms the background of virtual geology
learning and active learning.
Active learning
Chickering and Gamson (1989) suggested that implementation of active learning
techniques served as good practice in undergraduate education. They emphasized that students
would not learn much if they just listen to teachers, memorizing content and answering
questions. They suggested to let students discuss and write among themselves about what they
are learning, associate it with their past experiences, and apply it to everyday lives. Furthermore,
Bonwell and Eison (1991) emphasized that students must be asked to use higher-order thinking
skills such as analysis, synthesis, and evaluation in order to facilitate active engagement in
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learning. In this way, the active learning can be defined as learning that involves students in
activities and engage them in thinking about activities they are doing (Bonwell & Eison 1991).
Effective science education practices involve the active learning of students, as opposed
to passive attention, memorization, and recitation. The role of active learning has been affirmed
by several researchers (McConnell, Steer, & Owens 2003; Michael & Modell 2003). In a formal
classroom environment, active learning can occur by putting students to problem-solving
situation in which they are asked to use newly acquired knowledge (Silberman 1996). Students
in active learning spend a substantial portion of the class time on such activities that ask them to
actively process and apply information in various ways, discussing and solving problems with
peer students (Wieman 2014).
In order to have it better suited for type of activities in geology learning, I would like to
expand this concept and define active learning as student-centered learning that happens by
active participation of students who are aware of the learning goal, think about the learning
process and the situation, interact with anything in learning environment including materials,
tools, objects, or peers and instructors, and critically think about components comprising the
learning environment including themselves. This point of view on active learning assumes that
active learning can be better accomplished if students are asked to utilize their metacognition,
defined as students’ awareness of and control over their learning. In this context, different
learning methods such as collaborative learning, cooperative learning, inquiry-based learning and
problem-based learning fall into the active learning strategies (Prince 2004; Prince & Felder
2007; Hyun, Ediger, & Lee 2017; Mcconnell, Steer, & Owens 2003).
Active learning can make learning fun and thereby increase student enthusiasm for
continued learning and improve students’ understanding of the content and process of science
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(Ebert-May, Brewer, & Allred 1997; Reynolds & Peacock 1998). It also bolsters the criticalthinking skills and interaction between peers, and helps students practice what scientists would
do for their research as well as strengthen the perceived relevance to their lives (Reynolds &
Peacock 1998). The benefits of active learning can also be seen in decreases in courses’ failure
rates, increased performance, and increases in standardized test scores (Freeman, Eddy,
Mcdonough, Smith, Okoroafor, Jordt, & Wenderoth 2014; Wieman 2014; Hake, 1998). Drennan
and Evans (2011) have shown it has also improved students’ problem-solving.
Maximizing active learning in college geology education
Various strategies and techniques have been explored so far to facilitate student
engagement in the formal lecture-based classroom environment (Edwards, Teasdale, & Myers
2006; Mcconnell, Steer, & Owens 2003; Reynolds & Peacock 1998; Yuretich, Khan, Leckie, &
Clement 2001) and hands-on laboratory activities (Drennan & Evans 2011; Grundstein, Durkee,
Frye, Andersen, & Lieberman 2011), and in the informal education environment including fieldbased geology learning (Clary & Wandersee 2008; Clary, Wandersee, Guyton, & Williams 2012;
Elkins & Elkins 2007; Roy & Doss 2007; Whitmeyer & Mogk 2009). I will focus on reviewing
literature for informal and field-based learning as the first step and will explore literature on
virtual field trips as this research aims to utilize virtual geology learning mainly in laboratory and
informal field-based educational settings to achieve active learning in college geology education.
Active learning in informal educational settings
The role of active learning can be extended to significant learning outcomes in informal
educational settings (Clary & Wandersee 2008). Informal education refers to any type of
education happening outside of traditional classroom environment (Dierking, Falk, Rennie,
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Anderson, & Ellenbogen 2003). Students are reported to spend 86.7% of their time outside of a
classroom during their school years (Gerber, Cavallo, & Edmund, 2001). This emphasizes the
significance of providing learning opportunities outside of the traditional classroom environment
(Denson, Stallworth, Hailey, & Householder 2015). These opportunities are offered by informal
learning environments that have been an integral part of education for years (Martin 2004).
Informal environments can be successfully used to scaffold science learning beyond the
formal environment and can facilitate student understanding of the “big picture” of course
content (Clary & Wandersee 2009). Informal learning provides the learners with excitement,
amusement, camaraderie, and feelings of accomplishment, and builds confidence (Denson,
Austin, Hailey, & Householder 2015). Moreover, informal settings are more likely to encourage
learners to explore material driven by their interest and personal motivation as opposed to more
structured settings (National Research Council 2009). For this reason, experiencing informal
science is believed to provoke “further inquiry, enjoyment, and a sense that science learning can
be personally relevant and rewarding” (National Research Council 2009, p. 11). In other words,
informal science learning helps students experience greater enthusiasm and interest, while giving
rise to motivation to learn about phenomena in the natural and physical world (Falk, Scott,
Dierking, Rennie, & Jones 2004; National Research Council 2009). This may be attributed to the
fact that informal settings provide learners with an environment that supports their needs and
experiences and with space for all learners to engage with ideas, bringing their prior knowledge
and experience to bear (National Research Council 2009). Informal science programs can engage
adults as well as students and the greater community in data collection and concern for global
issues, promoting “citizen science” (Clary, Wandersee, Guyton, & Williams 2012; Roy & Doss
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2007). Therefore, informal learning settings can be an excellent environment to facilitate active
learning.
Active learning through field excursions
Field trips or field excursions with educational intent provide students with exposure and
interactions in informal settings so that students gain an experiential connection to the ideas,
concepts, and subject matter (Krepel & Duvall 1981). In this regard, field trips are more
organized forms of informal education with the highest formality. They inherit the majority of
the advantages of organized informal education. To effectively develop student interest,
maximize the learning experience, and provide authentic learning opportunities, instructors need
to plan, organize, and prompt students to reflect on the activities by themselves, which is
essentially the same as classroom-based teaching (Behrendt & Franklin 2014).
Field-based learning in science appears to be advantageous in a number of affirmative
outcomes in cognitive, affective, and behavioral domains (Ambers 2005; Boyle, Maguire,
Martin, Milsom, Nash, Rawlinson, Wurthmann & Conchie 2007; Elkins & Elkins 2007;
Gonzales & Semken 2009; Mogk & Goodwin, 2012; Orion 1993; Stokes & Boyle, 2009; Mead,
Buxner, Bruce, Taylor, Semken, & Anbar 2019). It also plays a significant role in authentic
preparation for many geoscientific careers (de Wet, Manduca, Wobus, & Bettison-Varga 2009;
Kirchner 1997; Perry, 2004; Mead et al. 2019). This perceived significance has largely been
shared by students, instructors, and professional geologists (Petcovic, Stokes, & Caulkins 2014).
One of the benefits of field-based learning is that it can provide first-hand experience but
also stimulates interest and motivation in science. It also adds relevance to learning and
interrelationships, bolsters observation and perception skills, and promotes personal (social)
development (Sorrentino & Bell 1970). Students who directly participate in a field excursion
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report a more positive attitude about the subject as well as enhanced knowledge and learning
(Behrendt & Franklin, 2014; Hudak 2003). With regard to formal instruction, field trips can
supplement or complement part of the curriculum as an enrichment experience, to see things that
cannot be offered in a school setting, or sometimes as a reward for students’ focus in class
without an explicit educational purpose in mind (Rennie 2007, Gottfried 1980, Griffin &
Symington 1997, Jamison 1998, Michie 1998, and Rennie 1994).
In geology, field trips have traditionally been a core component of geoscience education.
These range from class trips of several hours or days to multi-week professional field camp.
Learning in the field from these experiences has been an essential and important part of modern
geoscience education (De Paor & Whitmeyer 2009).
The aspects of field trips vary depending on the level of students. For introductory
geoscience classes, field trips can bolster classroom concepts, introduce an appreciation for
nature, and recruit majors (Meezan & Cuffey 2012). For advanced students, field trips last days
to weeks and involve problem-oriented learning that is an essential component of the
geosciences curriculum (Whitmeyer, Mogk, & Pyle 2009). The outcome of the field experience
depends on a student’s interest, motivation, life circumstances, and needs, together with their
prior experiences and knowledge (Rennie 2007).
Virtual geology learning as an active learning
In this section, I will start by reviewing literature on drawbacks of traditional field trips as
it is the starting point that leads to the needs of virtual geology learning. Researchers have used a
few slightly different terms to refer to a virtual representation of field trips. Virtual field trips,
virtual field excursions, virtual field experiences, virtual fieldwork, and virtual field guides are
terms used interchangeably, although in some cases they are used to define slightly different
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application of technologies (Cliffe 2017). In this research, I will generally use the term virtual
field-based learning (VFL) to embrace all these together. I used virtual lab-based learning (VLL)
to refer to a virtual representation of hands-on activities. Virtual geology learning (VGL) was
used to collectively refer to these different types of learning.
Challenges in traditional field-based learning
Informal science education can promote student interest in geology and engage students
with hands-on activities. Geologists often rally around the slogan that “geology is best taught in
the field”. However, traditional field trips are being reduced or eliminated from secondary
schools, colleges, and universities across the country because of decreasing budgets, greater time
constraints, and larger class sizes (Jacobson, Militello, & Baveye 2009; Litherland & Stott 2012).
Not all relevant field locations are close to a college campus, and even nearby locations require
blocks of time that result in students missing other courses. Field excursions are often expensive,
and many require additional equipment and physical abilities that not all students possess
(Behrendt & Franklin, 2014). There are also heightened concerns about safety and an
institutional wariness of potential legal liabilities. Moreover, increasing demands for contentspecific learning and a rigorous testing environment work to reduce traditional field trips
(Stainfield, Fisher, Ford, & Solem 2000; Meezan & Cuffey 2012; Hurst 1998). Students with
little or no prior field experience may be distracted by concerns over personal comfort, safety,
and interactions with peer students and the instructor (Orion & Hofstein, 1994). In addition, the
field is not always accessible to students with disabilities, and students’ personal schedules often
conflict with field trips (Cooke, Anderson, & Forrest, 1997; Gilley, Atchison, Feig, & Stokes,
2015; Meezan & Cuffey 2012).
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Virtual geology learning as an alternative to traditional ones
Virtual field-based learning (VFL) is a new approach to teaching geology by utilizing
means such as brochures, geographic information science (GIS), photography, and other digital
technology, allowing field trips to be undertaken without leaving the classroom (Lang, Lang, &
Camodeca 2012). If narrowly defined, ‘virtual’ could refer to a digital representation of a
physical entity mainly based-on visual aspect. However it could refer to all types of
representation other than a direct presence at the entity including any interpretive material or
visualization. In this sense, brochures, printed maps, and handouts could be regarded as a virtual
materials. In this research, however, I will choose to define ‘virtual’ narrowly and will refer it by
digital virtual learning or just virtual learning.
Most of these challenges of traditional field trips can be overcome by VFL (Lang et al.
2012). VFL provides a powerful alternative to traditional field-based learning. Virtual field
excursions can be accessible to persons with disabilities and are available anytime from almost
anywhere with the appropriate facilities (Meezan & Cuffey 2012). They are also repeatable with
random, flexible and targetable access, scaled to individual levels. They are also better at
showing three dimensional (3D) objects and can be fused with non-outcrop digital data such as
geospatial information, geochemistry, and seismic data. The logistical problems of weather, and
fauna and flora are also removed through the use of VFL (Hurst 1998). Younger generations are
more familiar with digital technologies so they get along well with the virtual nature of field
trips.
With new technology development, virtual environments and virtual replication of
specimens can offer alternatives to traditional field excursions and lack of physical specimens.
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VFL can be a great way to engage students and give them a first-hand understanding of course
content (McCauley 2017; Google for Education 2016).
Limitations of virtual geology learning
VFL cannot deliver everything since even though it is placed in natural settings, it cannot
generate all the benefits of real nature (McCauley 2017). Students do not have as much freedom
in activities as in traditional, in-person, or real field trips. For example, they cannot investigate
every rock in question by making fragments of it or by applying acid to it. Almost all students’
activities will be limited to visual investigation, since tasting, smelling, listening, weighing, and
touching cannot be offered because of technological limitations (Hurst 1998). Recent studies
show that substantial thinking and learning of students occurs through modes other than just
visual (Clark 2011; Hutchins & Renner 2012; Lakoff & Johnson 1999; Shapiro, 2011; Dolphin,
Dutchak, Karchewski, & Cooper 2019).
Therefore, VFL has not been targeted to replace real field trips but rather to introduce and
prepare students to a real field trip, and to review and apply their knowledge after the excursion
(Stainfield, Fisher, Ford, & Solem, 2000). It will be interesting to see whether these limitations
are overcome as the technology develops and the real world can be more realistically
reconstructed in the virtual world, with increasing equipment added to make the viewer’s
perception realistic and authentic.
Performance of virtual geology learning
Some benefits of virtual geology learning has been reviewed earlier with respect to the
limitations of traditional field trips as it has emerged as an alternative to address those
limitations.
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Additionally, VFL was reported to increase students’ participation in classes (Cliffe
2017; Litherland & Stott 2012). VFL creates a more inclusive learning environment, and build
student skills and confidence in a controlled environment pre field trip (Cliffe 2017).
As for the performance of virtual geology learning over traditional learning, Clary and
Wandersee (2010) stated that students reported themselves that VFTs had improved their
learning of the course work. Stumpf and Dorn (2008) reported that knowledge gains were similar
between traditional and virtual field trips, whereas Stott and Nuttall (2010) found that students
achieved no better than they did through traditional field learning.
Latest development of virtual geology learning
In recent years, there has been massive technological advancement that could help build
great virtual learning tools in geology. The latest developments of virtual learning tools have
largely included 3D visualization technologies to give the user a more realistic and immersive
experience. These technologies include SfM (Structure from Motion)-MVS (Multi-View Stereo)
photogrammetry, tiled 2D gigapixel images, panoramic virtual tours, 3D game programming,
and virtual and augmented reality (Carrivick, Smith, & Quincey 2016; De Paor 2016; Derouin
2018; Houghton 2015; McCauley 2017; Mead, Buxner, Bruce, Taylor, Semken, & Anbar 2019;
Minocha 2013, Santos, Henriques, Mariano, & Pereira 2018).
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CHAPTER III
METHODOLOGY FOR DEVELOPMENT OF VIRTUAL GEOLOGY LEARNING TOOLS
In this chapter, I will discuss the methodology to develop virtual geology learning tools
(VGLTs) in order to address the first primary research question, ”how can technologies be used
to develop virtual geology learning tools (VGLTs) in college geology education?”, and its
secondary questions as follows:
SRQ 1a. Which learning aspects in traditional college education can benefit from virtual
strategies?
SRQ 1b. Does a VGLT fit well into the educational environment of colleges?
SRQ 1c. Are technologies and/or facilities for VGLTs supported in college education?
SRQ 1d. Are VGLT technologies chosen to support student engagement in the learning
process?
SRQ 1e. Can a VGLT be constructed to expand STEM education to incorporate students
with disabilities or with accessibility problems?
The main strategy for developing the virtual learning methodology in this research is to
develop and utilize high-resolution virtual representations of geologic objects and/or the realistic
virtual 3D environments embedded with real-world terrains and animated photorealistic game
objects. VGLTs are the outcome of the effort to utilize this strategy to meet learning goals of
traditional geology activity both within and outside the classroom. VGLTs developed in this
research are Virtual Specimens, Virtual Roadcuts, Virtual Overlook, Virtual Helicopter Tour,
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and 3D Virtual Gaming. I introduced these tools into the virtual reality (VR) as well in order to
give students a more immersive experience.
Methodological Approaches for VGLT Development
To satisfy the conditions derived from the secondary research questions, three design
principles were used in developing VGLTs as follow.
First, virtual learning needs to have various virtual tools developed to address students’
needs in various aspects of college geology education.
Second, virtual learning is required to have increased interactivity that will facilitate
gaining more from the tools to help students attain their learning goals.
Finally, virtual learning should take advantage of the advanced virtual technologies to
bolster student engagement. The basic assumption of this research is that the student engagement
can be better facilitated by realistic and immersive use of technologies. This has been
accomplished by adopting photorealistic virtual geologic objects with excellent visual quality,
realistic 3D virtual game world with photorealistic game objects and animations, and by virtual
reality (VR) immersive technology.
I have designed VGLTs to make each of them well suited for traditional activities in
college geology education. The VGLTs that I developed include Virtual Specimens, Virtual
Roadcut, Virtual Overlook, Virtual Helicopter Tour, and 3D Virtual Explorer. Each of these
VGLTs is briefly overviewed and discussed as to the reason it is important in college geology
education to address the secondary research questions (SRQ 1a through 1e) of the first primary
research question.
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VGLT: Virtual Specimens
Virtual Specimens are 3D models or 3D representation of physical specimens of geologic
objects. They are intended to be used for identification of rocks, minerals, and fossils in a
traditional laboratory class or as a study material for lecture or laboratory courses. Students
taking that course have often experienced difficulties in accessing specimens out of the
classroom when they wanted to have the extra time to study or to make up the lab due to their
absences in normal class hours. Some of the distance learning students who reside outside
Mississippi were also limited in accessing the physical specimens due to difficulties in receiving
their mailed rock and mineral kits in a timely manner. Students and instructors in a large geology
lecture course also had difficulties learning from physical specimens because of the limited
availability of specimens, the time they can dedicate to learn from the physical specimens during
the class, and the amount of effort they need to deliver, collect, and manage the specimens in the
class. For those cases, virtual specimens might be useful in helping them learn without physical
specimens (SRQ 1a). SRQ 1 b-e can also be addressed because virtual specimens can readily be
incorporated in the lecture-, laboratory-, or field-based college geology education (SRQ 1b), and
they can be investigated with regular laptops, smartphones, or tablets (SRQ 1c). It is also
proposed that virtual representation of physical specimens will be a good way to engage younger
generations (SRQ 1d). Virtual specimens will also increase students’ accessibility to specimens
outside of the class (SRQ 1e).
I have tested and assessed virtual specimens of rocks in a traditional laboratory course to
explore the possibility of establishing a virtual laboratory in both face-to-face and distance
learning laboratory courses (Cho & Clary 2019a; Cho, Leesburg, Truax, Meyer, Funkhouser, &
Clary 2019). The Department of Geosciences at Mississippi State University offers several
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sections of the introductory geology laboratory course for both majors and non-majors in spring
and fall semesters each year, often instructing over 900 students annually. It has sometimes been
offered in Summer as well depending on demand.
VGLT: Virtual Roadcut
Virtual roadcuts are 2-dimensional (2D) huge-format images to allow students to
investigate a roadcut as they will do in a traditional field trip. In some cases, when we needed to
investigate the fine details in the roadcut in relation to the big picture of the entire outcrop, 3D
images do not provide extra benefit over 2D images, provided that 2D images could supply extra
details. In a traditional field excursion to a roadcut, we would want to see its big picture from a
greater distance and then get closer to it in order to investigate more detailed structures and
perhaps even tiny textures. For example, we will be able to see a syncline structure in a roadcut
at a distance, and then more detailed structures such as folds and faults. Stratification can be seen
as we get closer to it. Finally, we will be able to see much smaller structures and textures of the
rocks in the roadcut as we have it at our very nose. This can be simulated by using huge images
created from multiple image set taken at the roadcut.
These huge-format images are usually called a gigapixel image because they are far
larger than the megapixel pictures we take with contemporary digital cameras and phones, and
because they usually contain a billion or more pixels. It is normally created by stitching
megapixel images together, and it covers a larger area. The gigapixel image achieves the same
degree of detail as the individual megapixel images that constitute it while containing the area
covered by all images used to stitch it.
Virtual roadcuts will give students a field excursion opportunity without actually going
on a field trip. It could potentially replace the entire field excursion or a part of it. These virtual
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roadcut may provide valuable learning tools when the roadcut is inaccessible, or when cost,
weather, and/or safety considerations prohibit close investigation of the actual site (SRQ 1a).
Virtual roadcuts can readily be incorporated in the lecture-, laboratory-, or field-based college
geology education (SRQ 1b), and they can be explored with regular laptops, smartphones, or
tablets (SRQ 1c). I also expect that virtual representation of physical roadcuts will be a good way
to engage younger generations (SRQ 1d). Virtual specimens will also be used to incorporate
students with disabilities or with accessibility issues (SRQ 1e).
VGLT: Virtual Overlook
Virtual overlooks simulate an interpretive activity in which students can view geographic
and/or geologic features from an overlook, taking some information from overlook panels,
brochures, maps, and a guide.
The goal of virtual overlooks is to provide students with a media-rich overview of points
of interest (POIs) on the basis of geographical relationships between those areas or objects. The
actual analogy of this virtual tool is to let students hike to the top of the mountain to overview
the entire study area. An overlook on the mountaintop provides various pieces of information
about the features through the visitor information panels, brochures, or even through a local
expert. The virtual overlooks let students stay in the classroom and will help them build a good
understanding of the area by utilizing the detailed information on features they need to explore
(SRQ 1a). The detailed information on the features from a virtual overlook is provided in the
form of images, videos, 3D models, and external web pages. The content of the information
includes geologic maps, field guides, and a database of rocks and geologic features. Virtual
overlooks do not necessarily mean the activity has to be done at the top of the mountain. Instead,
every place can be configured for virtual overlook.
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Virtual overlooks can readily be incorporated in the lecture-, laboratory-, or field-based
college geology education (SRQ 1b), and they can be experienced with regular laptops,
smartphones, or tablets (SRQ 1c). It is also believed that virtual representation of physical
overlooks will be a good way to engage younger generations (SRQ 1d). Virtual overlooks will
also increase students’ chance to explorer an area outside of the class (SRQ 1e).
VGLT: Virtual Helicopter Tour
The virtual helicopter tour is a virtual globe application running in a 3D interactive and
dynamic map platform with custom digital elevation models (DEMs) overlain on the base map.
Perhaps the closest comparison is to Google Earth, but the difference is that the virtual helicopter
tour has embedded custom DEMs with much higher resolution. These custom DEMs were
reconstructed from the aerial photogrammetry with unmanned aerial systems (UASs).
The interactive nature of 3D map platforms allows students to move in the 3D map
environment. It can be compared to a helicopter tour over POIs in the real world. Instead of
actually maneuvering a helicopter, students can use their left and right mouse buttons and the
mouse wheel to move, rotate, and zoom into the view in this virtual helicopter tour. The
platforms also allow students to measure geospatial quantities such as distance, height, area, and
volume.
Virtual helicopter tours will be useful when students are required to explore areas of
interest in a 3D interactive map environment such as Google Earth in order to learn geographic,
geospatial, and/or geologic features. The big difference from the conventional interactive 3D
map is that it provides students with high-quality 3D models of geologic objects and terrain
overlaid on it.
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Virtual helicopter tours will be useful when students are required to investigate a specific
area for their learning goals in lecture- and/or laboratory-based courses or in previewing or
reviewing their field trips. In this way, traditional geology education will benefit by
incorporating this tool (SRQ 1a). Virtual helicopter tours can seamlessly be incorporated in the
lecture-, laboratory-, or field-based college geology education (SRQ 1b), and they can be
experienced by regular laptops, smartphones, or tablets (SRQ 1c). I also expect that virtual
helicopter tours will be a good way to engage younger generations (SRQ 1d). Virtual helicopter
tours can be used to accommodate students with disabilities or with accessibility issues (SRQ
1e).
VGLT: 3D Virtual Explorer
3D Virtual Explorer is an interactive and dynamic 3D serious game. A 3D game is a
computer game that is graphically presented in 3-dimensions. 3D Virtual Explorer can house all
of VGLTs in a single 3D game. It comes with photorealistic and animated game objects
embedded in a realistic natural environment reconstructed from the satellite and UAS remote
sensing data. It is intended to be used as a comprehensive realistic geologic field excursion
package. With its photorealistic quality of game objects, the environment reconstructed from the
real-world geospatial data, and realistic simulation of the vegetation, sky, lighting, and weather,
it provides the highest degree of immersiveness among all virtual tools described above.
Bringing these tools into a well-configured VR will escalate the immersive presence by its builtin nature.
The most popular game development tools for small game development market are Unity
and Unreal Engine. Both tools are capable of producing excellent quality graphics and come with
extensive resources for easy game development through built-in toolbox and the asset store or
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the marketplace. They also have a solid user community where users can help each other. These
tools can be used not only for creating 2D or 3D games but also for 3D animations and
cinematography. They can also be used free of charge depending on the licensing policy.
I used Unity to create a virtual environment that visualizes the real geologic field
environment in which some rocks and geologic formations are deployed as game assets (Cho &
Clary 2017b; Cho & Clary 2018a). Game assets refer to every element that comprises a given
game. They include characters, objects, sound effects, background music, and codes. A game
object is any object the player can see and/or interact with inside a game. Game objects can be
created with 3D modeling, which is the process of creating a 3D model in a modeling software.
They can also be created from pictures of physical objects by the photogrammetric procedure. I
used the photogrammetric procedure to convert geologic objects in the real world into 3D
models. These photogrammetric 3D models are then imported into the game development
software to serve as photogrammetric game objects.
Normally, a photogrammetric 3D model contains many triangles compared to a regular
3D model. This is because a photogrammetric 3D model is reconstructed from real pictures of a
physical object. The number of triangles of a photogrammetric 3D model needs to be reduced by
the 3D rendering process before it can be imported into the game development engine, otherwise
the game will not run due to the depletion of computer resources.
3D Virtual Explorer will be useful when teachers are interested in putting students in a
more fun and exciting learning experience. It can also be used to promote students’ interest in
subject matters in and out of the regular class hours or in an area of interest before they will go
on a field excursion (SRQ 1a). 3D Virtual Explorer can be tailored in a lecture-, laboratory-, or
field-based college geology education (SRQ 1b), and they can be experienced by regular laptops,
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smartphones, or tablets (SRQ 1c). I believe the 3D game architecture will boost students’
excitement and amusement from the gaming experience (SRQ 1d). 3D Virtual Explorer will also
be used to incorporate students with disabilities or with accessibility issues (SRQ 1e).
Virtual reality representation of VGLTs
VGLTs can be brought into the virtual or augmented reality to provide students with a
more immersive learning environment. Virtual reality (VR) is “a medium composed of
interactive computer simulations that sense the participant’s position and actions and replace or
augment the feedback to one or more senses, giving the feeling of being mentally immersed or
present in the simulation or a virtual world” (Sherman & Craig, 2018, p. 16). The virtual world
of the latest VR technology is commonly created by a head-based (VR headsets) or projectionbased VR environment. The physical environments can be introduced in tandem with the virtual
world to give users more realistic and immersive presence in the virtual world (Sherman & Craig
2018).
The definition of virtual reality can further be classified based on the immersiveness and
the occlusion of the real world. If the virtual world is occluded from the real world, it is
classified as virtual reality (VR). However, if users can see the virtual world overlap with the real
world, it is defined either as augmented reality (AR) or mixed reality (MR) (Merel 2015). MR
offers more immersiveness than AR. For example, in daylight, the virtual objects or images look
to be transparent in AR like a hologram, but appear solid in MR (Merel 2015). Likewise, if a VR
system allows users to experience a high enough degree of immersiveness, then it is further
classified to the immersive VR (Merel 2015).
Immersive VR systems such as HTC Vive and Oculus Rift use a head-mounted display
(HMD), tracking system, and motion-tracked handheld controllers, with which the user can
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experience and interact with the environment in the virtual world. I developed an immersive VR
application with Unity 3D to bring virtual tools developed in Saguache County, Colorado into
the immersive virtual environment (Cho et al. 2019).
VR, AR, or MR representation of VGLTs will particularly bolster students’ excitement
and amusement of their learning processes (SRQ 1d). However, the limited availability of virtual
reality devices and facilities will restrict the benefits to traditional college education. Despite this
fact, many colleges and universities are quickly improving the availability of VR devices and
facilities that might change the aspect of college education in the near future. I believe that
virtual reality representation could be one of the popular methods of college education in the
near future.
Comparing VGLTs
VGLTs can be categorized according to their characteristics as in Table 3.1. When it
comes to discussing ‘virtual’ against ‘physical’, ‘virtual’ was used to describe any digital
representation of a physical or real entity. Therefore, any physical representation of a physical
entity was not regarded as being virtual in this research. ‘3D’ or ‘2D’ was used to refer to a
situation where objects in a scene are three-dimensional or two-dimensional, respectively. Any
situation with a mixture of 2D and 3D objects will be referred by 2.5D. ‘Dynamic’ or ‘static’ will
refer to a situation where users are allowed to move in an environment or not. With this
terminology, the VGLTs can be categorized as they are in Table 3.1.
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Table 3.1

Virtual geology learning tools (VGLTs) developed in this research
Type

Actual Analogy

Features

Category

Virtual
Specimen

3D virtual
Hold a hand sample
representation of
and inspect it.
physical specimens

High-resolution
texture

3D Static

Virtual
Roadcut

Huge format 2D
virtual
representation of
physical roadcut

Overview the entire
roadcut from far
and get closer to
inspect the details
of rocks.

Continuous and
swift change of
view with image
tiling capability.
Markups and texts
help interpret the
roadcut.

2D Static

Virtual
Overlook

360-degree
panorama

Hike to the
overlook at the top
of the mountain to
overview the entire
study area. You will
get the information
from brochures and
interpretive panels.

360-degree seamless
aerial/ground
panoramas.
Teleporting to
another location is
allowed by design.
Various forms of
media and
documents can be
embedded.

2D/2.5D
Static to
Pseudodynamic

Virtual
Helicopter
Tour

Exploration of 3D
interactive map
with 3D models

Take a helicopter
hovering over areas
of interest
inspecting geologic
and geographic
features.

Google Earth-like
3D Dynamic
3D interactive map
with 3D models of
geologic objects and
terrains overlain on
it.

3D Virtual
Explorer

3D game or
animation of
virtual field
excursion

Spawn yourself in a
realistic 3D virtual
world and
undertake a geology
field excursion.

Realistic simulation
of the real world
with photorealistic
game objects and
animation. Game
scenarios are
optional.

* HMD. Head-Mounted Display
* Intrinsic nature of titled gigapixel imagery
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3D Dynamic

Virtual Specimens
Virtual specimens are 3D digital representation or 3D models of physical specimens, and
are categorized to the 3D static virtual representation because they do not allow the user to move
in the scene. However, if they are represented in VR devices, images can be converted to a 3D
dynamic representation.
These 3D models were reconstructed with SfM-MVS (Structure from Motion - MultiView Stereo) photogrammetry using multiple 2D pictures taken for physical specimens such as
rocks, minerals, and fossils. The SfM is an algorithm that searches multiple overlapping images
taken at different locations toward different directions in order to identify matching features and
then it uses those matching features to find the location and orientation of each camera
(Carrivick et al. 2016). The points for these matching features in overlapping images are used to
reconstruct a three-dimensional collection of points or 3D point cloud that represents the original
physical object. This sparse point cloud gets refined by MVS to a much finer resolution to result
in the dense point cloud (Carrivick et al. 2016).
Although the SfM-MVS photogrammetry has started to be used in the geosciences fairly
recently, it has widely been used in diverse areas of geosciences both by researchers and
educators (Carrivick et al. 2016; De Paor 2016; Derouin 2018; McCauley 2017; Cho & Clary
2017a, 2018a, 2018c, 2019; Cho, Leesburg, Truax, Meyer, Funkhouser, & Clary 2019). It is not
just because the cost for the software and computing facility for SfM-MVS photogrammetry is
low, but also because it is accomplished quickly in comparison to other digital surveying
methods.
3D models created in this research with SfM-MVS photogrammetry range in size from a
small laboratory rock sample to huge terrains that are a couple of kilometers in length. Virtual
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specimens refer to virtual 3D models created from physical geologic specimens such as rocks,
minerals, and fossils. These virtual specimens have been used in laboratory courses for visual
inspection, but also were imported into Virtual Overlook and 3D Virtual Explorer to give the
user a more immersive and integrated experience (Cho & Clary 2017b, Cho & Clary 2018c).
In the following section, I will discuss the methods I have developed to create 3D models
of small physical specimens with excellent visual quality. SfM-MVS photogrammetry using
UAVs will be discussed in Virtual Overlook as that section will discuss overlaying the digital
terrain models (DTMs) created from UAVs on the 3D interactive base map.
Capturing 3D data
To successfully reconstruct a high-quality 3D model of a small physical specimen,
sufficient number of high-quality 2D images with enough overlap is captured for the specimen
by moving the camera around it. Virtually any kind of camera can be used to shoot pictures of
the specimen but the use of a better camera sensor with larger pixel resolution and camera lenses
with a better optical performance is preferred. This is because we will have a better 3D model if
the camera record detail better. In terms of the quality of a 3D model, the most important factor
is the geometric accuracy of the reconstruction. However, the photometric aspect is also very
important when our goal is to reconstruct virtual specimens since it determines the visual quality
of the 3D models.
To capture 2D images with high visual quality, I have developed a four-axis specimenscanning facility with Canon 5D Mark II or Mark IV cameras and Canon EF 50 mm lens
mounted on it.
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Setting up 3D image capture facility
Capturing 2D images of a specimen for SfM-MVS photogrammetry workflow is a timeconsuming and tedious job. Taking very simple photogrammetric shots of the small laboratory
specimen would require more than an hour if we intended to create a more-than-mediocre 3D
model. For example, taking a picture at every 10 degrees will entail 36 shots in a full rotation
around the specimen. If we need to take pictures from more than three different latitudinal
positions over one hemisphere except for the equatorial shots, more than 250 pictures will need
to be taken. If we want to take more dense shots over a specimen’s surface with a complicated
relief, then the number of pictures will need to increase accordingly.
The exposure time for each photograph can vary due to various conditions. The lighting
condition is one of the most important factors affecting the exposure time. The photogrammetric
shots require a constant and uniform diffused illumination on the specimen’s surface. Therefore,
we need to build a constant and stable light source with carefully chosen diffusers. Any unstable
or changing light sources including sunlight should be kept as being minimal. If this global
illumination on the specimen’s surface is not bright enough, the exposure time should be
increased. The camera settings such as f-number and ISO value can also affect the exposure
time. The lower the f-number the shorter the exposure time we will get. Lowering the f-number
will decrease the depth of field, hence increasing the area being out-of-focus. We need to reduce
the area on the specimen getting out-of-focus in order to increase the quality of a 3D model.
Therefore, we should keep the f-number as high as we can unless it deteriorates a stable image
capture. The higher the ISO number the higher the sensitivity of the sensor we will have. This
will contribute to reducing the exposure time. However, increasing ISO will also increase the
noise level of the sensor and will reduce the sensor’s dynamic range. We will need to keep the
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ISO as low as possible as long as the manufacturer’s datasheet implies the same conclusion.
Considering these constraints on the f-number and ISO as well as the lighting that we can
normally construct, the exposure time will range from a few seconds when we can get some
diffused daylight through curtains on a clear day to several seconds during the night. Additional
time for rotating the specimen or moving the camera about the specimen as well as the time
needed for working with software and hardware and addressing glossy surfaces will amount
from tens of seconds to more than a few minutes. Most of the time for photographing will be
spent on working with hardware, software, and miscellaneous matters rather than working with
shooting itself. Taking these things into account, the total time for taking all images needed for
photogrammetric reconstruction might range from a couple of hours to more than 10 hours even
when you are solely working on capturing the pictures.
To help a researcher avoid excessive time with scanning specimens and to increase the
productivity of scanning job, I developed a low-budget semi-automatic 4-axis 3D image capture
facility (Figure 3.1; Cho et al. 2019, Cho & Clary 2019b). I set up a long slider on two tripods to
have it as the X-axis and attached the second slider on the mount of the first slider at a right
angle to add the Y-axis. The specimen-lifting platform moves along the Z axis that is
perpendicular to the XY-plane or the ground plane. The motorized turntable rotates about an axis
(Z′) that is parallel but is not attached to the Z-axis. The camera mounted on the second slider
can move along the Y-axis while the entire slider-camera assembly can move along the X-axis.
The motorized turntable is controlled by a small Microsoft WindowsTM-based desktop
application through a USB-to-Serial Port mapping hardware and software. It can rotate at an
angle given by the control software either in clockwise or anti-clockwise direction. The software
Helicon Remote was used to have tethered shooting with the camera through a USB cable and to
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capture focus-bracketed images. I will discuss focus bracketing and focus stacking techniques
later in this chapter. I didn’t yet develop a software in order to integrate the functions for rotating
the turntable and making focus-stacked shooting, but accomplished this by using mouse-click
recording software and by carefully inspecting the time to be taken for each operation. This way,
a researcher can be free of capturing 3D images as long as he or she does not have to change the
latitudinal angle. To fully automate the specimen-scanning, I will improve the facility in future
research by adding a function to automatically change the latitudinal position and angle of the
camera and integrate the focus-stacking and turntable rotation functions in a single software
package.

Figure 3.1

3D image capture facility.

For a stable, fast, and semi-automatic scanning of specimens, I developed a 4-axis motion
control equipment with lightbox. Two sliders were set up on tripods at a right angle to serve as X
and Y axes. The specimen-lifting platform moves along the Z axis that is perpendicular to the
XY-plane. The motorized turntable turns about an axis (Z′) that is parallel to the Z-axis but is not
attached to it. The light comes from the LED light source placed in a translucent plastic box
painted with white spray paint and is diffused by a few project boards surrounding the lightbox.
Multiple linear polarizing films were placed around a specimen on the turntable to reduce the
light components from the specimen’s glossy surface which were vibrating in random directions
before it could be finally canceled out by the circular polarizer mounted at the opening of the
camera lens (Cho et al. 2019, Cho & Clary 2019b).
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The lightbox was assembled by using an LED light source placed in a reflecting box. I put a 300lux LED light source that has a similar color index as daylight in the lightbox. I painted a
translucent plastic box with white spray paint multiple times in order to have a thick lightdiffusing layer inside it. Diffusing panels and fabrics were set up around the lightbox to produce
the sufficient amount of diffused light. Linear polarizing films were placed around the specimen
to deal with any potential glossy surfaces by linearly polarizing the forward-scattered light off
the specimen. The circular polarizer mounted at the opening of the camera lens was used to
mainly eliminate the linearly-polarized light component.
Photography
I have used Canon EF 50mm 1:2.5 compact macro lens attached on the full-frame DSLR
cameras–Canon 5D mark II and 5D mark IV–to capture the 2D images. The lens provides a
sufficient level of magnification to capture the details of the specimen and is in a bright lens
lineup. The cameras have sufficient pixel numbers (21.1 mega-pixels for 5D mark II and 30.1
mega-pixels for 5D mark IV respectively) to capture the details as well. However, the smaller
number of pixels should also work fine if the highest available option will be chosen when
reconstructing into a dense cloud. This will depend on the performance of the computer facility.
The camera was mounted on a ball-head that was attached to the Y-axis slider’s camera mount.
The ball-head was manually adjusted to have the specimen in a decent position in the camera’s
view.
The ISO was set to 100 in order to suppress the noise content in the image and to secure
the dynamic range. The f-number was set to approximately 8 through 13 to fulfill the depth of
the field requirement. The image is saved in RAW format to have the room for a photometric
adjustment and to procure the dynamic range (Cho & Clary 2017a).
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Shooting strategy
The specimen should be scanned from the entire sphere, but it cannot be done at one
time. Instead I split the entire sphere into two hemispheres and scanned the first hemisphere
before I progressed to the second one.
I took pictures of the specimen from more than three different latitudes in each
hemisphere around the specimen. The total number of latitudes for the entire sphere will be more
than seven including the equatorial shots.
In each latitude, I took a picture at every 5-10 degrees around the specimen by rotating
the turntable depending on the roughness of the surface. However, if the surface has a larger
relief or crack on it, I rotated it with a smaller step. In case a specimen has a narrow crack on it
like that in Figure 3.2, I captured an image at every 2-5 degrees depending on its roughness. I
also added some extra shots to ensure that I am not missing data. There is no general rule about
selecting the step of rotation, but it should be noted that any portion of the specimen that cannot
be seen by the camera will not appear in the final 3D model.

Figure 3.2

3D model of a petrified wood.

The physical specimen of petrified wood is very rough and has lots of cracks on the surface.
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High dynamic range photography
It has been reported that no significant improvement was observed in geometric accuracy
of a 3D model reconstruction from 2D images when high dynamic range (HDR) photography has
been applied to capturing those images (Gómez-Gutiérrez, Sanjosé-Blasco, Lozano-Parra,
Berenguer-Sempere, & Matías-Bejarano 2015). However, in photometric aspect, HDR
photography improves the visual quality of 3D models by reducing the contrast between the
highlight and the shadow areas. It also improves the visual quality of the shadow area by
suppressing the noise content in that. In this research, I used the HDR photography only when
the specimen has a high contrast between the highlight and the shadow areas and over the surface
that has a large relief that could deteriorate the texture by casting shadows. The HDR
photography was done by setting up the exposure bracketing in the capturing stage and HDRmerging in the post-production stage.
Focus-bracketing the image shoots
I have used the focus bracketing to increase the portion of focused areas in any given
view for a specimen and later stacked them into one single image. Multiple images were taken at
different focus positions in a single view before the specimen was rotated for the next view. The
focus bracketing was done by using Helicon Remote’s tethered shooting with which the nearest
and the farthest focusing points are selected and then the lens’ motor is pushed toward one of
either ways by a specific amount. However, the lens experienced the drift of the focusing
positions mainly due to the gravity. This made me move the nearest point inward and the farthest
point outward to secure a sufficient room for drift of the focusing positions even after an
extended duration of shooting. This issue can be resolved by using the focusing rail which I will
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have in the future research. The focus-bracketed images then are stacked into a single image with
Helicon Focus. This entire process is called focus stacking.
Post-production
The first step of the post-production is to HDR-merge the exposure-bracketed image set
in case image capture was made in exposure-bracketed mode. HDR merging was done by batchprocessing the images with Photomatix Pro or Luminance HDR. The next step is to focus-stack
the focus-bracketed images. This was done by batch-processing the images with Helicon Focus.
Reconstruction of 3D models
Reconstruction workflow
I have used Agisoft Metashape (formerly Photoscan) in order to reconstruct 3D models
from 2D images. I first visually and statistically estimated the image quality and ruled out images
that would increase the chances of reconstruction failure or lower the final visual quality of 3D
models before starting the reconstruction procedure. These images are fed into the next step to
create a sparse cloud. I have imported the images into two chunks of upper and lower
hemisphere. Two chunks were separately processed to create sparse clouds. I selected ‘high’
which is the second highest option for the accuracy, and set 40-100K for key point limit and 2040K for tie point limit, respectively, depending on the complexity of the physical specimen.
After building sparse clouds for both chunks, I went through some optimization
procedures to refine the camera positions and to statistically remove the points with large errors.
This can be done with Metashape’s Tools - Optimize Cameras and Model - Gradual Selection.
The first step is to optimize the image alignment. I performed it with Tools - Optimize
Cameras function to correct for the camera lens distortions by estimating the internal and
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external camera orientation and measurements (Matthews & Noble 2017). In the next few steps,
I performed the error reduction by estimating reconstruction uncertainty, projection accuracy,
and reprojection error and removing points with large errors and running camera optimization
each time. Points with large errors are removed due to poor geometry, pixel matching errors, and
pixel residual errors, respectively (Matthews & Noble 2017). Performing this optimization
process might result in a decent geometry for a 3D model but some points may noticeably
deviate from the surface of the model. In the latter case, those bad points need to be removed by
carefully investigating the original geometry of the physical specimen.
Now the sparse point cloud can be used to build the dense point cloud. In build options, I
selected ‘High’ for the quality, noting in the software that I will use a half of the original size of
the image. Selecting ‘Ultra high’ will increase the quality but it might require an indefinite time
with images produced from larger than 20 mega-pixel cameras even with a very high
performance computer system. I set ‘Aggressive’ for depth filtering in order to sort out most of
the outliers in the point clouds and checked ‘Calculate point colors’.
The next steps are creating meshes and textures. Dense point cloud was used as source
data and surface type was set to ‘Arbitrary (3D)’. The face count can be chosen depending on the
type of application. I selected the high face counts in case I needed a mesh with the highest
available face counts for later use. I decimated this high-resolution mesh to the face count that
was required for each application. For example, to upload the 3D model to Sketchfab, I
decimated the model to 5M face counts. The decimated mesh was later used to create a normal
map from the high-resolution mesh and then imported to the 3D game along with the normal
map. The number of face counts of the decimated mesh should be chosen in consideration of the
computer performance of the expected users and the target platforms. After generating the mesh,
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I built the texture of the model with ‘Mapping mode’ set to Adaptive orthophoto, ‘Blending
mode’ to ‘Mosaic’, and checking ‘Enable hole filling’ and ‘Enable ghosting filter’. The size of
the texture was set to 4K but it will also be chosen in consideration of the target user’s expected
computer performance.
Finally, I exported the model to a format that is accepted by 3D model hosting web
services. I have uploaded virtual specimens to Sketchfab in order to use them in lecture and
laboratory courses. Sketchfab provides users with various post-processing effects and utilities
which turns 3D models into a more realistic appearance.
Computer Systems
The Department of Geosciences at Mississippi State University has provided the highperformance computing facility as a virtual machine to generate 3D virtual specimens. This
machine runs on Windows 10 64-bit operating system and is equipped with two Intel(R)
Xeon(R) CPUs of E5-2620 v4 working at 2.10 GHz, 116 GB RAM, and NVidia Tesla P4
graphics card which provides 2560 CUDA Cores (Nvidia Corporation 2017). The graphics card
with large number of CUDA cores particularly accelerates the process of building a sparse point
cloud and a dense point cloud by participating in the calculation in tandem with CPUs. For
virtual specimens developed in this research with this computer system, building a sparse point
cloud and a dense point cloud normally took around 2 to 5 hours and 4 to 30 hours, respectively,
depending on the number of captured images and the complexity of the specimen.
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Virtual roadcuts: 2D huge-format images
In this research, giga-pixel images were stitched from images taken from a panoramic
shooting with single or multiple vantage point(s)1. The giga-pixel images were then split into
multiple tiles to allow a swift change of the field of view (FOV) from the entire overview of the
roadcut to a detailed magnified view of a single texture. The FOV is changed continuously by
scrolling the mouse wheel. The giga-pixel images will be very useful in virtual geology learning
if they contain additional information from which students can learn. Hotspots for additional text
or website addresses and markups were added to this Virtual Roadcut to allow an integrated
learning environment using giga-pixel images (Cho & Clary 2018c, Derouin 2018). By
classification, Virtual Roadcut is the 2D static virtual representation.
Capturing images of a roadcut
Images for Virtual Roadcuts need to be taken at multiple vantage points. If images are
taken at a single vantage point, the resulting giga-pixel image will have a large distortion and
will not contain many details toward the corners of the image.
I used a Canon EF 24mm 1:1.4 II lens attached to full-frame DSLRs, Canon EOS 5D
mark II or IV. This lens gives a wide field of view but was sufficient to capture enough details on
the macroscopic rock textures when shootings were made across the highway. Lenses with
longer focal length can be used to shoot smaller details by sacrificing the time to be taken for
shootings.
I started shooting at one end of the roadcut after having sufficient distance from the
roadcut in order have its maximum vertical reach to take up 90% of the vertical field of view of

1

Vantage point refers to a location or position where the image is taken from.
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the camera. The path of vantage points was selected in order to make it line up with the roadcut.
The shooting direction should be perpendicular to this path. The distance between each shot
along the path of vantage points was chosen to have more than 70% overlap between each shot.
The ISO was set to 100 to 200 and the f-number was set to the value to have enough depth of
field to contain all points of interest in focus. If the exposure time gets too large to give a stable
support with hand-held shooting, then other stable supports such as monopods or tripods should
be considered. Images were saved in a RAW format.
Creating giga-pixel images
I have used Kolor’s Autopano Giga to stitch images into a giga-pixel image (Figure 3.3).
It allows to optimize stitching by adding and removing control points and estimating stitching
errors. For a case of a set of images for a complex roadcut, a carefully selected set of control
points can greatly improve the stitching stability.
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Figure 3.3

Autopano Giga Editor (top) and Control point editor (bottom).

It is no longer available as GoPro stopped developing the software further.

I exported the stitched image and then imported it into Adobe PhotoshopTM to perform
further post-processing.
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Presenting virtual roadcuts
To present a giga-pixel image in a seamless motion when zooming in and out for both
online and offline uses, it first needs to be tiled. I used the Zoomify converter plugin of Adobe
PhotoshopTM to create the tiles (Figure 3.4).

Figure 3.4

Zoomify export settings. The tile size can be set in Browser Options.

The exported images can be viewed online by uploading the entire folder structure to
GIGAmacro Viewer (GIGAmacro n.d.). The GIGAmacro viewer allows adding markups,
hotspots, and descriptions on the tiled giga-pixel images. Furthermore, it is free of charge. Most
web browsers blocked offline viewing of tiled images. The licensed Zoomify HTML 5 can be
used to host tiled giga-pixel images on a website to stream it through a web browser, but
annotating functions are only supported in the enterprise version. Another option is to use open
source tools such as OpenSeadragon web-based viewer. Annotations on the image with SVG are
also available using OpenSeadragon-annotations (OpenSeadragon n.d.). Zoomify output of tiled
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images can also be viewed simply by adding a browser addon, OpenSeadragonizer, if the image
is put on a web site.
Virtual overlook: an aerial panoramic tour
360-degree panoramic images or videos, created from images or videos either taken on
the ground or from the air, are useful in constructing a panoramic tour of the area of geologic
interest. The term ‘panoramic tour’ was used in this research to refer to a collection of panoramic
images and/or videos that represents a scene with 360-degree or comparable view. There is some
precedent to refer to this as a virtual tour, but in this research I will either use the term panoramic
virtual tour or simply panoramic tour to more clearly define it.
The panoramic tour can provide a good overview of the areas of interest with a great deal
of information embedded in its scenes. The information available in a panoramic tour varies
from text and documents to audio, videos, websites, and 3D models (Cho & Clary 2018c). The
scenes are basically based on panoramic images taken from a single vantage point and then
stitched into a seamless representation of a larger view of an area. A 360-degree panorama is a
panoramic image which depicts every direction surrounding a vantage point. It is normally
stitched from images taken with multiple cameras set up to take pictures covering the entire
sphere surrounding the vantage point or with a single camera shot at multiple directions to cover
the entire sphere. Recently, 360-degree cameras have been released on the market. They are
constructed from an omnidirectional camera through which a view in every direction can be
captured at the same time or from a collection of multiple cameras. They can even record the
video in real-time, thereby creating a 360-degree video.
The 3D data for creating Virtual Overlook were collected in Saguache County, Colorado
which is a part of Mississippi State University’s Summer Geology Field Camp. Other VGLTs
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including Virtual Helicopter Tours, 3D Virtual Explors, and some of Virtual Specimens were
also created from the 3D data collected in this area.
Capturing panorama images
I created 360-degree panoramic images from images taken with a single camera from a
single vantage point in each of ground-based and aerial shootings. Ground-based shootings can
be used to take details of features on the ground, but I used it for taking pictures of the sky, the
sky image set, to create an upper hemisphere of a full spherical panoramic image. The sky image
set was captured on different locations with a large open view to the sky at convenient times. The
pictures of ground features, the ground image set, were taken from the air with an unmanned
aerial vehicle (UAV), DJI Phantom 4 Standard. Its goal is to give a perspective from the air in
order to give the students a perception of an overlook from where they can overview the
geographical and geological features from. This ground image was used to create a lower
hemisphere of the full spherical panoramic image. These two sets of upper and lower
hemispherical panoramic images were stitched to create a full 360-degree spherical panoramic
image.
Capturing panoramas
I used Kolor’s Autopano Giga to stitch ground and sky images separately. Unlike
stitching images taken at multiple vantage points for Virtual Roadcut, stitching usually proceeds
smoothly for these images taken at a single vantage point. I expanded the view of the stitched
image to the entire hemisphere and exported it. The exported hemispherical images were then
imported into Adobe PhotoshopTM for a seamless blending. Figure 3.5 shows the final spherical
panoramic image generated by blending the upper and lower hemispherical panoramic images.
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Figure 3.5

Stitched spherical panoramic image (Saguache County, Colorado).

Building panoramic tours
Many tourism businesses, universities, museums, and other companies use panoramic
virtual tours as a useful way to advertise their business and to deliver information to their current
or potential customers. Many different types of virtual tour creation software have been released
in the market to meet this demand. Among those, Kolor’s Panotour Pro has been one of the most
popular desktop software packages to develop custom panoramic virtual tours although it was
discontinued in 2018. There are many other software packages that allow creating panoramic
virtual tours which incorporate the latest technological development including virtual reality.
Some of them provide users with online editing and hosting of the user’s tour packages.
In this research, I used two different packages to create Virtual Overlook, a panoramic
virtual tour. First, I used Kolor’s Panotour Pro to create the panoramic virtual tour with hotspots,
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markups, and various types of media as well as controls to work with the tour. Figure 3.6 shows
the design screen using Kolor’s Panotour Pro.

Figure 3.6

Panoramic tour design with spherical panoramic images along with hotspots,
images, videos, sounds, points, polygons, and web contents in Saguache County,
Colorado.

The red polygon is an object that will show videos taken through aerial photography.

The exported tour package needs to be uploaded to a web site before it can be viewed
online with a web browser.
Holobuilder is an online application that allows the user to create and edit the tour and
host it on their web server. This software has mainly targeted construction companies to assist
them with an immersive progress views of construction sites, but it can also be very useful for
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creating Virtual Overlook by utilizing various types of objects, media, markups, webpage
content and even 3D models. One drawback with 3D model in Holobuilder is that the software
does not support a dynamic presentation, so 3D models are not resizable or rotatable. Figure 3.7
shows Holobuilder’s design screen.

Figure 3.7

HoloBuilder supports online editing and hosting of the panoramic virtual tour.

It allows adding lots of different objects, media, information, markups, webpage content, and
static 3D models.

Virtual Helicopter Tour
I created Virtual Helicopter Tour by building DEMs and a color raster map created from
aerial photogrammetry and by overlaying them into interactive 3D map platforms.
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Issues with satellite survey-based DEMs
Currently, the highest available satellite DEM in the Prosser Rock area in Saguache
County, Colorado is ⅓ arc-second which approximates to 10 meters. The Prosser Rock is a
dormant volcanic plug that rises higher than 70 meters above its closest ground surface on which
the nearest trail path is running. There is a low-lying hillside between tall ridges running from
the south through the east to the north. The length of the hillside along its shortest direction is
larger than about 25 meters when it was measured in Google Earth Pro (Build 7.3.2.5776).
However, the hillside is not represented as being a low-lying area between ridges but as a peak
rising above those ridges (Figure 3.8). This is probably because of the shadow cast on the hillside
by the ridge on the south, which is thought to have prevented the system from acquiring
elevation information of that area.

Figure 3.8

The 3D representation of the Prosser Rock in Google Earth Pro.

The low-lying hillside between two tall ridges is not represented in this satellite DEM but is
represented as a peak rising higher than those ridges. This low-lying hillside is about 30 meters
along its shortest path but the highest available resolution of the satellite DEM in this area is
about 10 meters. The image on the left is a perspective view from the south and that on the right
is a top-down view. Images: Google Earth Pro 7.3.2.5776.
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This example illustrates what Google Earth Pro cannot provide sometimes when
considering its use for a virtual geology learning even though it has great imagery database and
convenient tools with interactive 3D map environment. Google Earth does not produce a
reasonable rendering of Earth’s surface for steep terrain (Pavlis & Mason 2017).
Custom DEMs in virtual globes
One possible solution to deal with this matter is to put custom DEMs in Google Earth.
Google Earth allows importing imagery in their map environment but also allows to overlay
custom DEMs to the existing map platform (Figure 3.9).

Figure 3.9

Google Earth Pro with DEM and color raster map overlaid on the base 3D map
platform.
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Geoscan’s Sputnik Web and Cesium ION are web-based 3D interactive map platforms
that allow users to add their 3D data. Both applications are based on CesiumJS, an open-source
JavaScript library for 3D globes and maps, which allows users to upload their own 3D data as
layers in the 3D globes and maps. The platforms use 3D map tiling techniques to stream 3D map
data. Sputnik Web provides some basic geospatial tools such as tools to measure distance, area,
and volume to create a vertical profile (Figure 3.10). Cesium ION gives users more freedom to
customize their 3D data using CesiumJS JavaScript library (Figure 3.11). I used both 3D map
platforms to create Virtual Helicopter Tour. For future research with tours created with Cesium
ION, I will add more functions that will add some geospatial measurements with CesiumJS in
the future research.

Figure 3.10

The Sputnik Web dashboard for managing 3D data.

They provide a tool to align the user’s data to the 3D map platform but does not have a function
to fully mask the 3D base map with user’s dataset.
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Figure 3.11

The Cesium ION dashboard for managing 3D data.

ArcGIS Earth is a desktop application with 3D interactive map environment that allows
users to add their own 3D data and to use functions such as measuring geospatial quantities
(Figure 3.12). I used this application to distribute 3D data created from UAS photogrammetry.
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Figure 3.12

ArcGIS Earth is a desktop application with 3D interactive map environment.

It allows adding the user’s 3D data including 3D models.

Creating custom DEMs with aerial photogrammetry
The 3D data to create digital elevation models (DEMs) of Virtual Helicopter Tour were
acquired with the aerial photography using a UAV. The 3D data for the Prosser Rock and Table
Top area in Saguache County, Northeast San Juan Mountains, have been acquired at two
different times. The first 3D dataset was captured for Prosser Rock, P2, and P3 on July 5-7,
2018. P2 and P3 are dormant volcanic plugs at about 1,300 meters south of the Prosser Rock and
at about 210 meters west of P2, respectively. The second 3D dataset was captured for Prosser
Rock, P2, P3, and P4 on August 12-14, 2018. P4 is also a volcanic plug about 450 meters
southwest of P2. The dataset for Table Top was captured on August 15-16, 2018. Figure 3.13
shows the research area for Virtual Overlook, Virtual Helicopter Tour, and 3D Virtual Explorer.
Figure 3.14 shows a UAV taking off to start the aerial survey.
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Figure 3.13

Research area in Saguache County, Colorado for creating Virtual Overlook,
Virtual Helicopter Tour, and 3D Virtual Explorer.

3D data for Virtual Helicopter Tour were captured for Table Top, Prosser Rock, P2, P3, and P4.

Figure 3.14

I am taking off with a DJI Phantom 4 Standard beside Table Top, Saguache
County, Colorado to start acquiring 3D data on August 16, 2018.
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I created Digital Terrain Models (DTMs) that are those that removed vegetation covers
only to have the terrain information as opposed to Digital Surface Models (DSMs). I started with
the dense point cloud to classify them into different categories. Agisoft Metashape provides
dense cloud classification utilities including Classify Ground Points, Classify Points, and Assign
Class, and dense cloud selection filters such as Select Points by Masks, Colors, and Shapes. With
these tools and filters, I filtered out vegetation from the dense cloud point and acquired the pure
terrain information. Figure 3.15 shows the process of dense cloud classification.

Figure 3.15

The dense point cloud (a) and dense point cloud classes (b) for P2.

The dense point cloud shows thick vegetation populating the scene. After adjusting the
classification parameters, the ground is shown in brown color while noise is in pink and other
classes in white. The classes need to be refined further by using colors of cloud points and
manually selecting some points.

The further refinement was done on the mesh with Smooth Mesh and Close Holes
functions in the Tools - Mesh menu. Finally, I built and exported the textured 3D models before
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importing them into Virtual Helicopter Tour. Figure 3.16 shows how mesh can be created from
the classified dense cloud with these tools.

Figure 3.16

Mesh refinement procedure.

(a) The points in dense cloud were classified either into ground and vegetation. (b) The mesh
was built from the ground points in the dense cloud. (c) The mesh has smoothed, closed for
holes, and cropped. (d) The aerial picture taken for the same area.

POIs contain important features that we want students to explore in great detail, and these
features need to be scanned very closely. However, the closer we need to scan the terrain, the
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more pictures need to be taken and the more time will be spent for acquiring data. However, I
have limited availability of aircraft batteries and I had to travel more than 100 miles (160 km)
between two scanning periods in a day to have those batteries recharged from the AC power
outlets. Therefore, I had to fly UAVs much higher than the altitude that is required to take
pictures for POIs with very high resolution. I first scanned the entire terrain at 50 meters from the
target and then did it again at a distance of 10 to 20 meters above POIs. As a result, models for
these POIs have a much better visual quality than those for other areas but not of sufficiently
high resolution. The 3D models of those features were then uploaded to Sputnik Web and
Cesium ION and layered on the existing 3D base map.
3D Virtual Explorer
The first item in my 3D Virtual Explorer is “The Lizard of Prosser” which is an
adventure-style role-playing game (RPG) that also provides an add-on game mode of fly-through
of the game environment.
The Lizard of Prosser is an adventure RPG played by geology students who are interested
in exploring the geologic, specifically volcanic, environment of Prosser Rock and its adjacent
area including Table Top. This area has volcanic features including volcanic plugs, lava flow,
and pyroclastic debris.
The game targets the geology students learning geologic settings of Prosser Rock and
Table Top area. The player mode can be switched between the first person and the third person.
Players can use their mouse and keyboard to control the game. The game is set in the
contemporary natural environment around Prosser Rock in Saguache County, Colorado.
The game development is mainly based on Unity 2019 platform with C# programming
and some asset packs, Gaia, CTS 2019, SECTR, and Meadow Environment. The game was first
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developed to run on Windows and WebGL platform. Another platform will also be added in the
future.
Within the game, geology students who need a geology field trip in this region as a part
of their Summer Field Geology Camp are provided with a set of questions (quest) that they will
need to answer during or after they have explored the area. Students will need to find rocks and
features before they can answer the questions. Every time they find rocks or features students
will earn points for their game score. Successfully answering some questions will result in higher
game scores. After exploring the area and answering all questions, students will clear the mission
and they will receive their total score from their mission.
Players can walk or run in the natural environment but can hire a drone to explore the
distant part or have the view from the air. They are also given a way to quickly switch to a
different point of interest. There are five points of interest included: Prosser Rock, Table Top,
P2, P3, and P4.
The enemy element regarded in this game is the field-safety violations, such as moving
over a dangerous place which could lead to falling from a cliff or being hit by falling rocks, and
missing must-have items.
The core player experience is curiosity, amusement of exploring by walking, running,
and flying a drone, and the joy of achievement by solving quests. This game features a 3D
natural environment with photorealistic objects and animations.
Game development
The game environment is set up in the real natural world in the Prosser-Table Top area in
Saguache County, Colorado. To construct the real-world terrain for the Lizard of Prosser, I used
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the satellite remote sensing 3D data along with the data acquired through aerial survey using a
UAV.
Preparing geospatial data
In the Lizzard of Prosser, I used five different types of real-world data as follows:
● Digital Elevation Models with ⅓ arc-second (10-meter) resolution, The National
Map, USGS
● Satellite color orthoimagery 1-meter resolution, The National Map, USGS
● Geologic map
● Topographic map (USA Topo Maps)
● National land cover data 2011 30-meter resolution

The DEM served as a terrain in the game and the other data were used as layers in a scene. Each
layer can be switched among each other in the game to give the players the information they
need.
Having downloaded these sets of data, I used Global Mapper in order to merge all of
these data where they have the exact same extent. After loading these data as layers in
GlobalMapper, I set the boundary by drawing a box in the Export window. I repeated this
technique using the same boundary every time I exported all these layers. Figure 3.17 shows
DEM and raster images such as geologic map, topographic map, and National Landcover Data.
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Figure 3.17

DEM and raster images for the research area aligned in Global MapperTM.

Satellite raster image and DEM is shown with (a) topographic map, (b) land cover raster image,
(c) geologic map.

I exported the DEM in 32-bit floating point format, but it needs to be converted into 16bit image before it can be imported in Unity. In Adobe Photoshop, I first resized the DEM image
to the multiples of 1024 pixels, which is larger than the original DEM resolution. Then I
converted the DEM to 16-bits/channel and saved the grayscale image as a RAW file.
The satellite orthoimagery has much higher resolution than the DEM and will be used as
a texture layer in Unity like other geospatial data acquired earlier. This color map has also been
resized to the multiples 1024 pixels and was resized to 16,384 * 16,384 pixels in this case. It was
saved to an 8-bit RGB TIFF file.
Other raster images, the geologic map, topographic map, and land cover image, have also
gone through some post-processing before they were imported into Unity.
Creating the natural environment in Unity
I started developing The Lizard of Prosser by setting up the natural environment. The
first step is to create a terrain with the real-world DEM or heightmap. Then I imported raster
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images, the satellite image, geologic map, topographic map, and land cover map for terrain
textures. Then I created vegetation such as trees, grass, and flowers, and painted the terrain with
appropriate ground cover textures. Finally, I created a road component along the existing roads,
water along rivers and on lakes, and a weather system.
Importing real-world data
In Unity, I first created a basic terrain and set its size to 16K-meters which matches the
real-world dimension. The DEM or heightmap RAW file was imported to create a correspondent
terrain. Then I imported raster images as texture layers. In some cases when strong shadows cast
over substantial area, the satellite raster images have been processed for shadow removal before
being imported into Unity (Figure 3.18 and Figure 3.19).

Figure 3.18

Terrain created with DEM and satellite raster image near Havasu Creek in Grand
Canyon in Unity.

The satellite raster image has been processed for shadow removal before being imported into
Unity.
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Figure 3.19

Terrain created for Prosser-Table Top area with DEM and satellite raster image in
Unity.

Creating game components in the natural environment
Having created the terrain with texture layers, I added vegetation on the terrain. The 3D
models or prefabs for vegetation were selected from asset packs downloaded from Unity Asset
Store after carefully inspecting the vegetation cover from pictures taken in the research area.
First, I used Gaia’s spawning system for adding bushes and trees. The spawning rules were
carefully created by adjusting a few conditions for the distribution of the vegetation including
minimum and maximum available heights and minimum and maximum slopes. The spawning
rules were further refined by investigating the effect of the conditions. To further refine the
spawning conditions, an image mask was used for the area mask. I used the red channel to limit
the vegetation spawning to the area where green pixels dominate. Figure 3.20 shows how
spawning rules determine the area suitable for spawning a specific vegetation.
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Figure 3.20

Setting spawning rules for adding vegetation to the terrain.

(a) Suitability of spawning a vegetation type based on spawning rules. (b) Setting mask to restrict
or to allow spawning of a vegetation type based on a mask image.

I used the same principle about spawning the other terrain details such as tiny grass and
flowers. After having spawned vegetation, I painted the terrain with the appropriate textures of
soils and rocks. Lastly, I created roads along the existing roads, and water along rivers and on
lakes. Finally, I added the weather system and the player (Figure 3.21).
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Figure 3.21

Natural environment created in Unity.

Tuning the world
The 16K raster image for the terrain texture and the large amount of vegetation on the
16K terrain environment is without doubt too much for most computer systems that will run this
game. This performance issue can be addressed by tiling the terrain to smaller pieces and
streaming only the terrain tile where the player is playing. I used to SECTR to conveniently
sectorize and stream the terrain environment. I sectorized the world into 1K tile so there will be a
total of 16 world tiles in the game. Figure 3.22 shows the sectorized world in the Scene view and
the Game view shows the sight is limited to the current tile the player is playing.
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Figure 3.22

Sectorizing and streaming the world.

The Scene view clearly shows that the terrain environment is sectorized. The Scene and Game
view shows a terrain tile where the player is playing during the game play.

A few more components were added to the game to provide players with convenient
environments to accomplish their mission. These components include a compass bar, compass
with mission target, minimap for the playing tile, and minimap for the entire world. Figure 3.23
shows some of these components.
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Figure 3.23

Game components added for more convenient game play.

Minimaps for playing tile (bottom) and that for the entire world (top) is overlain in the scene.

Adding geologic layers
Geologic components are required to achieve the mission goals. They are DEMs and 3D
models of geologic objects. Figure 3.24 shows 3D models of rhyolite and petrified wood, and
DEM of the Prosser Rock deployed in the game.
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Figure 3.24

3D model of rhyolite embedded in the game.

Virtual reality representation of virtual geology learning tools
In this research, I utilized VR facilities in the Center for Advanced Vehicular Systems
(CAVS) Mixed-Reality Studio at Mississippi State University (Figure 3.25) in order to import
and test virtual geology learning tools (VGLTs) in the virtual reality environment. Both the HTC
Vive and Oculus Rift HMDs have been tested for VR representations of all VGLTs. VR
representations have proven much improved immersiveness despite some minor issues in the
resolution, restricted movement in the VR world, and motion sickness.
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Figure 3.25

CAVS Mixed-Reality Lab, Mississippi State University.

(Credit: Mississippi State University Mitchell Memorial Library)

The resolution usually gets lower when a tool is brought into the VR but it is not a big
issue and might not deteriorate the entire experience. The motion sickness depends on
individuals’ predisposition toward it, but it usually gets better when players have more chances
of having VR experiences. The physical area that is allowed for movement in the VR
environment depends on the number and the technology level of the sensors available for VR
HMD. The limited number of the sensors frequently restricts the player’s movement although
this is not a critical issue.
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CHAPTER IV
APPLICATION AND ASSESSMENT OF VIRTUAL GEOLOGY LEARNING TOOLS
In chapter III, I have described how I have utilized technologies to develop virtual
geology learning tools (VGLTs). In this chapter, I will describe how I have integrated VGLTs
into traditional geology education and how effective it has been to achieve active learning in
formal and informal educational settings at Mississippi State University. This process will let me
address the second primary research question, “how effective is the integration of virtual geology
learning in traditional geology education to achieve active learning?”
To assess the effectiveness of the integration of VGLTs in college geology education, the
second primary question is further broken down into these secondary questions:
SRQ 2a. Do students enjoy learning with VGLTs?
SRQ 2b. Do VGLTs help students learn concepts as much as traditional learning?
SRQ 2c. What factors affect students’ satisfaction about VGLTs?
SRQ 2d. Is the integration of VGLTs in traditional geology education effective in
achieving active learning?
I will describe the research design, application process, and results for these VGLTs.
General Research Design
I used a mixed methods approach to assess the effectiveness and the possibility of using
Virtual Specimens, one of VGLTs, to supplement physical specimens in formal geology
laboratory learning environment in the Fall semester of 2018. A mixed methods approach
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involves collecting both quantitative and qualitative data and integrating them to produce
additional insight beyond the knowledge yielded by either the quantitative or qualitative data
alone (Creswell & Creswell 2018).
I also performed a qualitative study to test and evaluate all VGLTs with a group of
students and an instructor who participated in the collaborative summer geology field camp
between Mississippi State University and the University of Southern Mississippi (MSU-USM
SGFC) and with a group of student volunteers with no prior professional field experiences.
Qualitative research is an approach for examining, interpreting, and understanding of meanings
ascribed by individuals or groups to a social or human problem (Creswell & Creswell 2018). In
qualitative research, the data are generally subjective and open-ended, and data are normally
collected in the participant’s environment. Data analysis is typically a process that inductively
builds from specifics to general themes in qualitative research (Creswell & Creswell 2018).
Quantitative research, on the other hand, is an approach for testing objective theories by
exploring the relationship among variables (Creswell & Creswell 2018).
Test groups
I created two different test groups to assess VGLTs. The first test group, the Lab Course
Test Group, was formed to test virtual specimens in a formal laboratory course. This group
consists of a large number of undergraduate students with no professional lab or field
experiences. The second test group, the VGLTs Test Group, was created to test all VGLTs
except for 3D Virtual Explorer and virtual reality (VR) in informal or field-based educational
settings. The VGLTs Test Group mainly consists of MSU-USM SGFC participants with some
non-professional volunteer students. Two separate test groups were also created to test 3D
Virtual Explorer and VR experiences of VGLTs in August 2019. The VR Test Group consists of
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small number of professional and non-professional student volunteers. Test groups will be
described in further detail below.
Virtual specimens are the only VGLT that was tested by both groups. VGLTs other than
virtual specimens were only tested by the VGLTs Test Group. Virtual reality (VR) Lab for
Virtual Specimens were tested by VR Lab Test Group. 3D Virtual Explorer was not tested in this
research and is left for a future research.
Table 4.1 summarizes the four different test groups.
Table 4.1
Test
groups
Lab
Course
Test
Group

The Lab Course Test Group and the VGLTs Test Group to test VGLTs in formal
or informal educational environments.
Tested
VGLT
Virtual
Specimens

Core composition

Test
environment
Formal
laboratory
environment

Large number of
undergraduate
students with no
professional lab or
field experiences
VGLTs
All VGLTs MSU-USM SGFC
Informal or
Test
except for
participants or
field-based
Group
3D Virtual students with
settings
Explorer
correspondent
and VR
professional field
experiences.
VR Test
VR
Professional and
Informal
Group
non-professional
setting
student volunteers
3D Virtual Explorer was not tested in this research.

Time of
test
October
2018

Research
methods
Mixed method
approach

November
2018

Qualitative
approach

August
2019

Qualitative
approach

Lab Course Test Group for testing virtual specimens
The Lab Course Test Group consisted of non-professional students taking the
introductory geology laboratory course offered in the Fall semester 2018. I assigned twelve
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sections (N = 12) of the introductory geology lab course into experimental groups (n = 7) and
control groups (n = 5). The experimental group was selected based on my availability for being
present at lab activities. Qualitative research was conducted for these entire groups while
quantitative research was conducted for experimental groups only. The specific information on
the group division is presented in Table 4.2.
Table 4.2

Division of Lab Course Test Group

Groups

Sectional information (instructor pseudonyms)

Control group
•
5 sections (n = 5)
•
144 students
•
3 instructors

Section 5: 32 students (Emma)
Section 6: 32 students (Jennifer)
Section 7: 28 students (Austin)
Section 8: 26 students (Austin)
Section 12: 26 students (Emma)

Experimental group
•
7 sections (n = 7)
•
209 students
•
5 instructors

Section 1: 25 students (Rick)
Section 2: 28 students (Jennifer)
Section 3: 26 students (Samantha)
Section 4: 21 students (Travis)
Section 9: 25 students (Samantha)
Section 10: 22 students (Meredith)
Section 11: 27 students (Meredith)

Each section was composed of approximately thirty students of mostly non-majors with
some major students. The total numbers of students were 209 and 144 for experimental and
control groups, respectively. The numbers of instructors were 5 and 3 for experimental and
control groups, respectively. The total number of instructors for the entire sections was 7 because
one of them (Jennifer) taught sections in both groups.
Each section was taught by one lead and one assistant instructor in a traditional
laboratory. Teaching and grading were conducted by the lead instructor and the assistant
instructor supported teaching by helping students’ activities at five different blocks. Each block
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was taken by about two to four stations depending on students’ preferences and each station
consisted of two students.
I was present at lab activities of experimental groups from the first and briefly introduced
students to the goal of my research and how they were expected to complete the activities. I then
stayed in the laboratory while observing students’ activities and offering some help related to
methods students could use to access Virtual Specimens.
In the laboratory in their normal class hours, students in the experimental groups were
asked to access the virtual specimens by going to my collection of virtual specimens (3D
models) at Sketchfab (Figure 4.1).

Figure 4.1

Virtual specimens hosted on Sketchfab (https://www.sketchfab.com/yow).

Virtual specimens were presented to students in the experimental groups when they were doing
their lab activities in the laboratory in their normal class hours.
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Students used their smartphones or laptops to access the 3D models at Sketchfab. I also
set up two laptops and a tablet on three blocks out of five blocks in the laboratory in case
students did not bring their own devices. Some of students actually used those laptops and a
tablet I had set up in the laboratory. Students in the experimental groups were asked to proceed
with their normal class activities on rock identification by examining virtual specimens in
tandem with physical specimens. Students in control groups performed their class activities only
with physical specimens of the same types without my presence at the laboratory.
Their worksheets were turned in to the instructors after they completed their work. The
experimental group students were asked to fill out a survey questionnaire for qualitative research.
Students’ questionnaires (Appendix B) were also collected by the instructors with students’ lab
worksheets. After each class, I collected the survey questionnaires from the instructors. I
collected students’ lab worksheets a couple of days to a few days later when instructors finished
grading. I took pictures of students’ work and scores on sedimentary and metamorphic rocks
(Figure 4.2) in order to analyze them.
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Figure 4.2

A sample of students’ work and grades on identification of sedimentary (top) and
metamorphic (bottom) rocks.

To grade the students’ performance of rock identification for each specimen, I assigned
‘1’ if students successfully identified the specimen or ‘0’ if they did not. These scores then were
averaged for each specimen. Table 4.3 shows a grading scheme for calculating students’
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performance on sedimentary rock identification. The grading was done in the same way for
metamorphic rocks.
Table 4.3

Grading scheme for students’ performance on sedimentary rock identification.

Specimen ID
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Specimen name
coquina
fossiliferous limestone
chalk
shale
alabaster
oil shale
chert
rock salt
quartz sandstone
oolithic limestone
arkose
bituminous
conglomerate
breccia

Specimen
Student 1 Student 2
average
0.893
1
0.821
1
0.929
1
0.929
1
0.893
1
0.893
1
0.893
1
0.857
1
0.857
1
0.786
1
0.821
1
0.964
1
0.821
0
0.750
0

Student 3
1
1
1
1
1
1
1
1
0
0
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1

VGLTs Test Group for testing all VGLTs except for 3D Virtual Explorer
The VGLTs Test Group was aimed to test VGLTs in informal or field-based
environments and was intended to be tested by MSU-USM SGFC 2018 participants because
most of the VGLT materials were adopted from the activities performed in MSU-USM SGFC
2018. However, because of the small number of survey participants (n = 3) from the total of six
MSU participants in the camp, I expanded the VGLTs Test Group by involving a graduate
student who participated in the 2017 camp and an instructor who led both of 2017 and 2018
camps, and a graduate student who has prior professional field experiences before she began her
program in MSU. These participants (n = 6) comprise the professional subgroup of VGLTs Test
Group.
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Additionally, student volunteers (n = 10) were recruited from an introductory level
Planetary Geology. Among those students, 6 were non-major undergraduate students and 4 were
environmental geoscience or geology major undergraduate students who had no prior field
experiences. These participants (n = 10) comprise the non-professional subgroup of VGLTs Test
Group. Between the field experience participants and the recruited students, the VGLTs Test
Group consisted of 16 total individuals (N=16).
Table 4.4 shows division and composition of VGLTs Test Group. All VGLTs except for
3D Virtual Explorer were tested by VGLTs Test Group. The integrated survey questionnaire for
the entire VGLTs assessment and information for completing the survey are included in
Appendix C.
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Table 4.4

Division and composition of VGLTs Test Group

Subgroups

Group composition (participants’ pseudonyms)

Professional subgroup (n = 6).
Pseudonyms of professional subgroup
participants start with alphabets after
‘P’.

-

Non-professional subgroup (n = 10).
Pseudonyms of professional subgroup
participants start with alphabets
earlier than ‘H’.

-

-

3 students participated in MSU-USM SGFC 2018
(Ryan, Penelope, Spencer)
1 graduate student participated in MSU-USM
SGFC 2017 (Trevor)
1 instructor (outside of MSU) led MSU-USM
SGFC 2017 & 2018 (Usher)
1 graduate students with prior professional
geology field experiences in a college outside of
MSU (Violet)
6 non-major undergraduate students: pseudonym
(major, school year)
o Ben (aerospace engineering, senior)
o Bailey (biology, sophomore)
o Caleb (engineering, sophomore)
o Harold (civil engineering, senior)
o Daisy (secondary science education,
senior)
o Fiona (biology, junior)
4 major undergraduate students without prior
geology field experiences: pseudonym (major,
school year)
o Andrew (environmental geosciences,
junior)
o Chase (geology, sophomore)
o Eva (psychology and environmental
geosciences, junior)
o Gavin (geology, sophomore)

I sent survey questionnaire (Appendix C) through a Google Form and instructions for
completing the survey to VGLTs Test Group participants on November 3, 2018. The
participants’ feedback was collected until November 7, 2018. The instructions for completing the
survey contained instructions for accessing VGLTs and the method to manipulate VGLTs.
Participants tested VGLTs at their own leisure with their own mobile devices or laptops at a
convenient time.
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Virtual Specimens were delivered to survey participants in this group the same way as the
Lab Course Test Group: participants accessed Sketchfab 3D model collections using their own
mobile devices or laptops. However, participants used a different set of virtual specimens from
those used by the Lab Course Test Group. The Lab Course Test Group used specimens from the
Department of Geosciences laboratory repository (fossiliferous limestone, gneiss, and slate), but
the VGLTs Test Group tested two specimens, rhyolite and petrified wood, collected from MSUUSM SGFC 2018 and one specimen, fossiliferous limestone, from the Department’s repository.
Virtual Roadcut (Kingsland Glauconite Roadcut) was sent to participants through
GIGAMacro web page (https://goo.gl/LZxH5M). Virtual Helicopter Tour was sent to
participants through Sputnik Web. This web page is no longer working because it was created for
the test purpose. Now they can be accessed through a webpage created for Cesium ION
(http://www.skyobserver.net/vg/vHeli/). Virtual Overlook was sent to participants through
Holobuilder (https://bit.ly/2yLnSja).
VR Test Group for testing VR Lab of virtual specimens
VR representations of Virtual Specimens were tested in August 2019 by the VR Test
Group. The VR Test Group (N = 9) consisted of professional (n = 4) and non-professional (n= 5)
participants (Table 4.5).
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Table 4.5

Division and composition of VR Test Group

Subgroups

Group composition (participants’ pseudonyms)

Professional subgroup (n = 4).
Pseudonyms of professional subgroup
participants start with alphabet ‘P’.

-

-

Non-professional subgroup (n = 5).
Pseudonyms of professional subgroup
participants start with alphabet ‘N’.

-

Pamela (geology major, 2nd-year master; owns a
Playstation VR headset, so this is not her first time
using VR)
Peggy (geology major, 2nd-year master; has
previous VR experiences)
Parker (geology major, 2nd-year PhD; no prior VR
experience)
Priscilla (geology major, 1st-year PhD; no prior
VR experience)
Nate (kinesiology major, 3rd-year PhD; no prior
VR experience)
Neil (environmental geology major, senior; no
prior VR experience)
Nelson (math major, 2nd-year PhD; no prior VR
experience)
Nick (mechanical engineering major, 2nd-year
PhD; no prior VR experience)
Naomi (psychology major, senior; has some VR
gaming experience)

The professional participants were two master students (Pamela and Peggy) and two PhD
students (Parker and Priscilla) who had plenty of experiences of working with rock specimens.
Pamela and Peggy had prior experiences of using VR head-mount displays (HMDs) but Parker
and Priscilla had no prior experience of using VR device. The five non-professionals were nongeology majors (Nate, Nelson, Nick, and Naomi) or environmental geosciences major (Neil)
who had no extensive experience working with rock specimens. Naomi has prior VR gaming
experiences but the other non-professional had none.
VGLTs’ VR representations or VR Lab were tested at MSU’s Center for Advanced
Vehicular Systems (CAVS) Mixed-Reality Studio on August 14-16, 2019. I interviewed
participants while they were testing three different representations of fossiliferous limestone and
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slate virtual specimens, VR Lab, and physical specimens. I started with the virtual specimen of
fossiliferous limestone and slate. Participants were asked to inspect these virtual specimens to
recognize and describe the features they can see. Then they tested VR Lab using Oculus Rift
HMD. Finally, I gave participants physical specimens of fossiliferous limestone and slate and
asked them to describe the three different representations of specimens. Finally, participants
were asked to fill out the paper-based survey questionnaire (Appendix E).
Research approval by Internal Review Board (IRB)
This research was reviewed by Mississippi State University’s IRB to ensure human
research protection prior to implementation and was approved on May 25, 2018. The protocol on
this research has been granted an exemption determination on June 15, 2018. Based on this
exemption, and in accordance with Federal Regulations which can also be found in the MSU
Human Research Protection Program (HRPP) Operations Manual, this research did not require
further oversight by the HRPP. That meant that recruitment, enrollment, data collection, and/or
data analysis could continue, yet amendments to this study were no longer required. The IRB
Approval Documents can be found in Appendix A.
Application and assessment of Virtual Specimens
Virtual Specimens (N = 3) were created of rocks typically investigated by students
enrolled in the introductory geology laboratory classes. Virtual specimens (V = 2) were also
created from the samples collected by the researcher during the MSU-USM SGFC 2018.
Specimens were tested and assessed within the Lab Course Test Group and VGLTs Test Group
(Cho & Clary 2018b).
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Research design
In order to test Virtual Specimens, I used two different approaches. The first approach
was to use mixed-method studies for the Lab Course Test Group. Quantitative investigation was
conducted for experimental and control groups of this test group, and qualitative investigation
was performed for the experimental group
In the second approach, I implemented a qualitative research approach to test Virtual
Specimens with the VGLTs Test Group. It should be noted that two different test groups, Lab
Course Test Group and VGLTs Test Group, separately tested the Virtual Specimens.
Research design of mixed-method investigation of Virtual Specimens by Lab Course Test
Group
Mixed-method research was implemented to probe students’ perception of virtual
specimens in introductory physical geology laboratory courses (i.e., Lab Course Test Group).
Table 4.6 summarizes the specimens given to students in each group. Students in the
experimental group of the Lab Course Test Group received virtual specimens only for three
specimens–limestone, gneiss, and slate.
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Table 4.6

Division of Lab Course Test Group, and specimens given to each group.
Sedimentary specimens

Metamorphic specimens

Control group

14 physical
•
coquina, fossiliferous
limestone, chalk, shale,
alabaster, oil shale, chert,
rock salt, quartz sandstone,
oolithic limestone, arkose,
bituminous coal,
conglomerate, & breccia

7 physical
•
gneiss, quartzite, phyllite,
anthracite, schist, slate, &
marble

Experimental group

13 physical and 1 virtual
(fossiliferous limestone)

5 physical and 2 virtual (gneiss
and slate)

Students in experimental group received virtual specimens only for three specimens–limestone,
gneiss, and slate.

Control group students were given 14 physical sedimentary specimens and 7 physical
metamorphic specimens. Experimental groups were provided virtual specimens of one
sedimentary rock, fossiliferous limestone (Figure 4.3), and two metamorphic rocks, gneiss
(Figure 4.4) and slate (Figure 4.5), in tandem with other physical specimens.
Students accessed the virtual specimens through a collection hosted on Sketchfab, an
online 3D publishing and merchandising platform, with their own smartphones and laptops. Just
in case students did not bring their own devices, I set up two laptops and one tablet in the
laboratory. The virtual specimens worked in tandem with physical specimens (i.e., hands-on
specimens) to aid in identification while students investigated their visual characteristics. Both
physical and virtual specimens given to students are summarized in Table 4.6.
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Figure 4.3

A virtual specimen of fossiliferous limestone used in this research.

It contains lots of fossils with crinoids predominating the specimen. It was scanned from the
physical specimen of fossiliferous limestone in the Mississippi State University’s laboratory
repository. Captured as being hosted on Sketchfab. The image at the top shows the entire view of
the virtual specimen, while the image at the bottom shows the close-up view of a part showing
detailed texture.
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Figure 4.4

A virtual specimen of gneiss used in this research.

It shows gneissic banding which is the most prominent feature that can be found in a typical
gneiss specimen. It was scanned from the physical specimen of gneiss in the Mississippi State
University’s laboratory repository. Captured as being hosted on Sketchfab. The image at the top
shows the entire view of the virtual specimen while the image at the bottom shows the close-up
view of a part showing detailed texture.
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Figure 4.5

A virtual specimen of slate used in this research.

It shows nice slaty feature which is the most prominent feature that can be found in any slate
specimen. It was scanned from the physical specimen of slate in the Mississippi State
University’s laboratory repository. Captured as being hosted on Sketchfab. The image at the top
shows the entire view of the virtual specimen while the image at the bottom shows the close-up
view of a part showing detailed texture.
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To test the virtual specimens, I used a mixed methods approach with quantitative analysis
on students’ performance and the qualitative research on students’ satisfaction. The quantitative
analysis consisted of students’ scores graded by instructors (N = 7) on identification in each
specimen. The student performance averages for the entire specimen collection (both physical
and virtual for experimental groups) and for each specimen were calculated separately. The null
hypothesis to be tested with this quantitative study is “there will be no difference in group means
for each virtual specimen between experimental and control groups” in the student performance
scores.
I asked students to fill out the paper-based questionnaire containing questions both in
essay format and in the Likert scale, and to return it with their lab worksheet. The entire survey
questionnaire can be found in Appendix B. Table 4.7 summarizes questions in the Likert scale
and essay questions.
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Table 4.7

Classification of qualitative study questions for the Lab Course Test Group.

Code

Question/statement

Value

LC-VS-L1

I enjoyed working with digital specimens in the lab.

Excitement

LC-VS-L2

Digital specimens helped me easily identify rocks.

Usefulness

LC-VS-L3

The visual quality of digital specimens was good enough for identifying rocks.

Quality

LC-VS-L4

I think digital specimens will be able to replace real samples in distance learning classes.

LC-VS-L5

I think digital specimens will be able to replace real samples in face-to-face learning classes.

LC-VS-L6

I will advise my friends to take a geology lab course which uses digital specimens only.

LC-VS-E1

Which device did you use to access the digital specimens?

Applicability

LC-VS-E2

What troubles did you have (if any) in accessing and manipulating digital specimens with your
device?

Applicability

LC-VS-E3

In what sense were digital specimens more effective in doing your work than real specimens?

Usefulness

LC-VS-E4

In what sense were digital specimens less effective in doing your work than real specimens?

Usefulness

Roles

Replacing in distance
learning
Replacing in face-to-face
learning
Taking a course using virtual
specimens only

The first section with two letters of code indicates the questions is for the Lab Course Test Group (LC). The second section of code
indicates the question is for Virtual Specimens (VS). L and E in the last section of code indicates questions are either in Likert or in
Essay format, respectively.
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Research design of qualitative study for VGLTs Test Group
Both the professional and non-professional participants in the VGLTs Test Group were
given the same set of three virtual specimens: rhyolite (Figure 4.6), petrified wood (Figure 4.7),
and fossiliferous limestone (Figure 4.3). Rhyolite and petrified wood were collected from MSUUSM SGFC 2018. Fossiliferous limestone was picked from MSU’s laboratory repository.

Figure 4.6

A virtual specimen of rhyolite used in this research.

It shows apparent flow patterns on the weathered surface with moss scattered every here and
there on the specimen. It was scanned from the physical specimen of rhyolite collected by myself
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from the west hillslope of the Prosser Rock. Captured as being hosted on Sketchfab. The image
at the top shows the entire view of the virtual specimen. The image at the bottom shows the
close-up view of a part showing detailed texture.

Figure 4.7

A virtual specimen of petrified wood used in this research.

It shows the apparent wooden texture and signs of burning perhaps resulting from contact with a
hot plume of volcanic debris. It was scanned from the physical specimen of the petrified wood
collected by myself from the south end of the Table Top. Captured as being hosted on Sketchfab.
A shows the entire view of the virtual specimen. B shows the close-up view of a part showing
detailed texture.
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The VGLTs Test Group questionnaire for virtual specimens was developed as a part of a
survey for the entire set of VGLTs which was created as a Google Form and was sent to
participants through their email addresses on November 3, 2018. The responses were collected
until November 7, 2018. The survey for qualitative study on Virtual Specimens is included in
section 2 of this integrated questionnaire. Qualitative study questions for the VGLTs Test Group
are classified in Table 4.8.
Table 4.8

Classification of qualitative study questions for virtual specimens for the VGLTs
Test Group.

Code
VG-VS-L1

Question/statement
They helped me easily investigate the rock specimens.

VG-VS-L2
VG-VS-L3

They helped me learn about and analyze the rock's geological
features.
It will help students learn as much as they will do out in the field.

VG-VS-L4
VG-VS-L5

It will be helpful in previewing and reviewing the fieldtrip.
It will be useful for regular field geology education.

Value
Usefulness
Usefulness
Usefulness
Usefulness
Usefulness

VG-VS-E

Do you have any comments or suggestions on 3D Rock Models,
Variable
including their pros and cons? (Values and Roles proposed by)
The first section with two letters of code indicates the questions is for the VGLTs Test Group
(VG). The second section of code indicates the question is for Virtual Specimens (VS). L and E
in the last section of code indicates questions are either in Likert or in Essay format, respectively.

Results
Results of mixed-method studies for Lab Course Test Group
Results of quantitative study for Lab Course Test Group
Tables 4.9 and 4.10 show the statistics on students’ performances for sedimentary and
metamorphic rock identifications, respectively.
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To test the null hypothesis, I performed independent t-test for students’ scores on
specimen identification. The results of students’ performance on identification in individual
specimen and hypothesis test is summarized in Table 4.11. For conglomerate and marble
specimens, unequal variance t test was used because the number of subjects in the two groups is
not equal and the variances of the two groups is sufficiently different to warrant an equal
variance test. For the other specimens, equal variance t test was the appropriate independent t test
to use. This is based on the fact that, although the number of subjects in two groups is not equal,
the variances of two groups is not sufficiently different.
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Table 4.9

Statistics on students’ performances for sedimentary rock identification.
avg. sed.
physical

27

26

28

29

30

31

32

33

34

35

36

37

38

39

avg. sed.

fossil.
limestone

coquina

chalk

shale

alabaster

oil shale

chert

rock
salt

quartz
sandstone

oolithic
limestone

arkose

bituminou
s coal

conglomerat
e

breccia

0.224

-0.377

-0.527

1.497

1.386

t-test

0.197

0.149

-0.179

1.672

-1.749

0.441

NA

-0.579

-1.959

p

0.847

0.885

0.862

0.126

0.111

0.668

NA

0.576

0.079

1.752
0.110

0.827

0.714

0.372
0.717

0.610

0.198

0.196

x.mean

0.926

0.922

0.878

0.950

0.961

0.942

0.955

0.950

0.951

0.936

0.866

0.842

0.876

0.993

0.894

0.916

x.std dev

0.040

0.043

0.100

0.056

0.037

0.045

0.057

0.064

0.044

0.060

0.129

0.137

0.070

0.014

0.049

0.090

x01

0.868

0.865

0.821

0.893

0.929

0.929

0.893

0.893

0.893

0.857

0.857

0.786

0.821

0.964

0.821

0.750

x02

0.950

0.946

0.900

0.933

0.967

0.867

1

1

1

1

0.950

0.967

0.900

1

0.867

0.900

x03

0.965

0.963

0.941

1

1

1

1

1

0.941

0.941

0.912

1

0.912

0.985

0.912

0.941

x04

0.931

0.934

0.964

0.964

0.964

0.964

0.893

1

0.964

0.857

0.893

0.821

0.857

1

0.964

0.964

x09

0.953

0.957

1

1

1

0.964

1

1

0.964

0.964

0.893

0.893

1

1

0.857

0.857

x10

0.941

0.931

0.797

1

0.969

0.906

1

0.859

1

1

0.969

0.844

0.781

1

0.906

1

x11

0.870

0.860

0.724

0.862

0.897

0.966

0.897

0.897

0.897

0.931

0.586

0.586

0.862

1

0.931

1

c.mean

0.921

0.919

0.887

0.872

0.992

0.930

1

0.971

0.992

0.985

0.849

0.869

0.894

0.996

0.797

0.831

c.std dev

0.028

0.026

0.043

0.107

0.017

0.054

0

0.064

0.017

0.020

0.121

0.086

0.099

0.008

0.140

0.125

c05

0.911

0.911

0.906

0.938

1

0.906

1

1

1

1

0.781

0.844

0.906

1

0.688

0.781

c06

0.925

0.926

0.938

0.938

1

1

1

1

1

1

0.844

0.906

0.906

1

0.719

0.719

c07

0.924

0.917

0.821

0.714

1

0.857

1.000

0.857

1

0.964

0.929

0.786

0.929

0.982

1

1

c08

0.962

0.956

0.885

0.808

0.962

0.923

1

1

1

1

1

1

1

1

0.885

0.923

c12

0.885

0.885

0.885

0.962

1

0.962

1

1

0.962

0.962

0.692

0.808

0.731

1

0.692

0.731

Statistics are provided for each specimen, section, and group. T-test was performed between experimental and control groups. Avg.:
Average, sed. : Sedimentary, meta. : Metamorphic, x.: Experimental group, c. : Control group, std dev: Standard deviation.

91

Table 4.10

t-test
p
x.mean
x.std dev
x01
x02
x03
x04
x09

Statistics on students’ performances for metamorphic rock identification.

avg.meta physical
-0.061
0.953
0.830
0.056
0.807
0.853
0.776
0.836
0.843

avg.meta
-1.117
0.290
0.825
0.048
0.816
0.857
0.775
0.796
0.827

40
gneiss
-0.533
0.606
0.927
0.089
1
0.933
0.879
0.750
0.964

45
slate
-5.595
0.000
0.701
0.074
0.679
0.800
0.667
0.643
0.607

41
quartzite
-0.843
0.419
0.981
0.026
1
0.933
1
0.964
1

42
phyllite
-0.098
0.924
0.624
0.171
0.500
0.700
0.515
0.786
0.536

43
anthracite
-1.147
0.278
0.971
0.024
1
1
0.970
0.929
0.964

45b
schist
-0.631
0.542
0.625
0.148
0.536
0.700
0.515
0.571
0.786

46
marble
0.741
0.498
0.948
0.044
1
0.933
0.879
0.929
0.929

x10
0.763
0.790
1
0.719
0.969
0.438
0.969
0.438
1
x11
0.931
0.916
0.966
0.793
1
0.897
0.966
0.828
0.966
c.mean
0.833
0.867
0.956
0.948
0.992
0.635
0.986
0.684
0.866
c.std dev
0.103
0.081
0.098
0.078
0.017
0.196
0.019
0.178
0.246
c05
0.950
0.964
1
1
1
0.906
1
0.906
0.938
c06
0.819
0.813
0.781
0.813
1
0.531
0.969
0.594
1
c07
0.679
0.765
1
0.964
1
0.429
1
0.536
0.429
c08
0.815
0.868
1
1
1
0.538
1
0.538
1
c12
0.900
0.923
1
0.962
0.962
0.769
0.962
0.846
0.962
Statistics are provided for each specimen, section, and group. T-test was performed between experimental and control groups. Avg.:
Average, sed. : Sedimentary, meta. : Metamorphic, x.: Experimental group, c. : Control group, std dev: Standard deviation.
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The statistical hypothesis test on students’ performance in identifying physical and virtual
specimens implies that there was no significant difference for group means of all specimens
except for slate. The equal variance t test was used for slate as the variances of two groups were
not sufficiently different2. From the two-tailed p-value (significance level of 0.00023 which is
much smaller than 0.05) in the equal variance independent t test, I can confidently state that there
was a difference between the means of two groups, rejecting the null hypothesis for slate (Table
4.11). However, it should be mentioned that the slate specimen had a labeling issue which will
be discussed below.
Table 4.11

fossiliferous
limestone
gneiss
slate
coquina
chalk
shale
alabaster**
oil shale
chert
rock salt
quartz
sandstone
oolithic
limestone

Results of students’ performance and statistical hypothesis test for each specimen.
Experimental
group mean
(SD*)
0.878 (0.100)

Control
t(1)
p
group mean
(SD*)
0.887 (0.043)
-0.179

d
0.862

Statistical
significance
0.202

0.927 (0.089) 0.956 (0.098)
0.701 (0.074) 0.948 (0.078)

-0.533
-5.595

0.606
0.00023

0.95 (0.056)
0.961 (0.037)
0.942 (0.045)
0.955 (0.057)
0.950 (0.064)
0.951 (0.044)
0.936 (0.06)
0.866 (0.129)

0.872 (0.107)
0.992 (0.017)
0.93 (0.054)
1 (0)
0.971 (0.064)
0.992 (0.017)
0.985 (0.02)
0.849 (0.121)

1.672
-1.749
0.441
na
-0.579
-1.959
-1.752
0.224

0.126
0.111
0.668
na
0.576
0.079
0.110
0.827

0.295
3.170 Significant
difference
0.737
1.838
0.232
na
na
0.338
2.384
2.426
0.136

0.842 (0.137) 0.869 (0.086)

-0.377

0.714

0.304

2

The sectional standard deviations for slate were 0.074 for the experimental groups and 0.079 for the
control groups. F-test was used to test the null hypothesis that the variances of two populations are equal and it gave
p = 0.858 that is far larger than 0.05.
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Table 4.11 (continued)
Experimental Control
t(1)
p
group mean
group mean
(SD*)
(SD*)
arkose
0.876 (0.07) 0.894 (0.099)
-0.372
bituminous
0.993 (0.014) 0.996 (0.008)
-0.527
conglomerate 0.894 (0.049) 0.797 (0.14)
1.497
breccia
0.916 (0.09) 0.831 (0.125)
1.386
quartzite
0.981 (0.026) 0.992 (0.017)
-0.843
phyllite
0.624 (0.171) 0.635 (0.196)
-0.098
anthracite
0.971 (0.024) 0.986 (0.019)
-1.147
schist
0.625 (0.148) 0.684 (0.178)
-0.631
marble
0.948 (0.044) 0.866 (0.246)
0.741
t(1): t-value, p: p-value, d: Cohen’s significance or effect size.

d
0.717
0.610
0.198
0.196
0.419
0.924
0.278
0.542
0.498

Statistical
significance
0.183
0.455
0.698
0.684
0.663
0.053
0.783
0.333
0.335

Virtual specimens of fossiliferous limestone, gneiss, and slate were given to students in
experimental groups instead of physical specimens given to control group students. *It gives the
standard deviation of sectional means in each group. **All students in the control group
achieved the perfect score hence giving zero standard deviation.

Table 4.12 summarizes group means for categories of specimens given to students. The
experimental groups were outperformed by control groups in the total average although there
was no significant difference between two groups. However, in means for virtual specimens, the
experimental groups were not just outperformed by control groups but there also was a
significant difference between the two means.
For slate and schist, there was a duplicate labeling issue which could have triggered
confusion in identifying the two specimens. Like slate, the average of control groups for schist is
much lower than that of control groups compared to other specimens. Indeed, there was no
significant difference in means of two groups for all virtual specimens except for slate. This will
be further discussed in Chapter V.
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Table 4.12

Group means and statistical hypothesis test.

Group average

Experimental Control
group mean
group mean
(SD*)
(SD*)
0.902
0.89 (0.023) (0.026)
0.899
0.897
(0.025)
(0.027)
0.836
(0.028)
0.93 (0.051)

t(1)

p

Total average
-0.404
For all physical
specimens
0.144
For all virtual
specimens
-4.156
For all virtual
specimens except
0.903
0.922
for slate
(0.045)
(0.038)
-0.756
For all physical
sedimentary
0.921
specimens
0.926 (0.04) (0.028)
0.197
For all sedimentary 0.922
0.919
specimens
(0.043)
(0.026)
0.149
For all physical
metamorphic
0.833
specimens
0.83 (0.056) (0.103)
-0.061
For all
metamorphic
0.825
0.867
specimens
(0.048)
(0.081)
-1.117
t(1): t-value, p: p-value, d: Cohen’s significance or effect size.
*It gives the standard deviation of sectional means in each group.

Statistical
significanc
e

d
0.697

0.233

0.888

0.081

0.002

Significant
1.867 difference

0.467

0.490

0.847

0.148

0.885

0.124

0.953

0.027

0.290

0.514

Results of qualitative study for Lab Course Test Group: Students’ responses
Following the conclusion of the laboratory exercises, I sought feedback from students (N
= 209) through survey questionnaire for experimental groups (Appendix B). Students’ responses
were collected in Likert scale and in essay format. Table 4.13 summarizes students’ responses
for selected questions. The responses were provided in 5 levels: Strongly disagree, Disagree,
Uncertain/Not applicable, Agree, Strongly agree.
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Table 4.13

Students’ response percentages for selected questions in Likert scale (Cho &
Clary, 2019a).
Strongly
Disagree

Enjoyed Virtual
Specimens
Easily identified rocks
Good visual quality
Replacing physical
specimens in distance
learning
Replacing physical
specimens in face-to-face
learning
Taking a course with
virtual specimens only

Disagree

Uncertain or
Not applicable
8%
14%

4%

Agree
55%

Strongly
agree
19%

5%
1%
5%

11%
7%
20%

15%
13%
18%

57%
48%
43%

12%
30%
14%

10%

30%

26%

25%

9%

9%

24%

34%

27%

6%

I enjoyed working with digital specimens. This question was provided to only three
sections, sections 9, 10, and 11, since the question was added after the questionnaire had been
administered in four sections (sections 1, 2, 3, and 4). The total responses collected was 74 (n =
74). About 74% of students agreed or strongly agreed that they enjoyed learning with virtual
specimens in the laboratory class. Only about 12% of students responded that they didn’t enjoy
virtual specimens (Figure 4.8).
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"I enjoyed working with digital specimens in the lab."

Response rate

55%
(41)

4% (3)

8% (6)

STRONGLY
DISAGREE

DISAGREE

Figure 4.8

19%
(14)

14%
(10)

UNCERTAIN/NOT
APPLICABLE

AGREE

STRONGLY AGREE

Response rate for the question: I enjoyed working with digital specimens (N = 74)
(Cho & Clary, 2019a).

The numbers in parentheses are the frequency of responses.

Digital specimens helped me easily identify rocks. From the 173 total responses collected,
about 69% of students agreed that virtual specimens helped them easily identify rocks. 16% of
students did not think it was easy to identify samples with virtual specimens (Figure 4.9).

Response rate

"Digital specimens helped me easily identify rocks."

57%
(99)

5% (8)

11% (19)

STRONGLY
DISAGREE

DISAGREE

Figure 4.9

15%
(26)

UNCERTAIN/NOT
APPLICABLE

12% (21)

AGREE

STRONGLY AGREE

Response rate for the question: Digital specimens helped me easily identify rocks
(N = 173) (Cho & Clary, 2019a).

The numbers in parentheses are the frequency of responses.
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The visual quality of digital specimens was good enough for identifying rocks. Of the
total of 174 responses, over 78% (n = 136) of students thought that visual quality of digital
specimens was good enough for identifying rocks. Only around 8% (n = 15) of students did not
think it had sufficient quality (Figure 4.10).

Response rate

"The visual quality of digital specimens was good enough for identifying
rocks."

48%
(83)

30%
(53)
1% (2)

7% (13)

STRONGLY
DISAGREE

DISAGREE

Figure 4.10

13%
(23)

UNCERTAIN/NOT
APPLICABLE

AGREE

STRONGLY AGREE

Response rate for the question: The visual quality of digital specimens was good
enough for identifying rocks (N = 174) (Cho & Clary, 2019a). The numbers in
parentheses are the frequency of responses.

I think digital specimens will be able to replace real samples in distance learning classes.
About 57% of 173 (n = 99) students responded that virtual specimens will be able to replace
physical specimens in distance learning classes, while about 25% of students did not agree with
this statement (Figure 4.11).
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"I think digital specimens will be able to replace real samples in distance
learning classes."
Response rate

43%
(74)

20%
(34)

18%
(32)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

14%
(25)

5% (8)

STRONGLY
DISAGREE

Figure 4.11

AGREE

STRONGLY AGREE

Response rate for the question: I think digital specimens will be able to replace real
samples in distance learning classes (N = 173) (Cho & Clary, 2019a).

The numbers in parentheses are the frequency of responses.

I think digital specimens will be able to replace real samples in face-to-face learning
classes. The percentage of students who thought possible replacement of physical specimens
with virtual specimens was much reduced in face-to-face learning environments where students
can use physical specimens without limitations within the classroom. About 40% (n = 70) of
students disagreed that virtual specimens will be able to replace physical specimens in traditional
face-to-face learning environments while 34% (n = 59) of them agreed with the statement
(Figure 4.12).
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Response rate

"I think digital specimens will be able to replace real samples in face-toface learning classes."

30%
(53)

26%
(45)

25%
(43)

10%
(17)

STRONGLY
DISAGREE

Figure 4.12

9%
(16)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

AGREE

STRONGLY AGREE

Response rate for the question: I think digital specimens will be able to replace real
samples in face-to-face learning classes (N = 174) (Cho & Clary, 2019a),

The numbers in parentheses are the frequency of responses.

I will advise my friends to take a geology lab course which uses digital specimens only.
Students were also hesitant to advise their friends to take a course that uses virtual specimens
only without physical specimens. The largest portion of students (34%, n = 60) responded they
are uncertain of that or it is not applicable to them (Figure 4.13). About 33% (n = 58) of students
responded positively while another 33% (n = 56) of students disagreed with the statement.
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Response rate

"I will advise my friends to take a geology lab course which uses digital
specimens only."

34%
(60)
24%
(41)

27%
(47)

9%
(15)

STRONGLY
DISAGREE

Figure 4.13

6% (11)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

AGREE

STRONGLY AGREE

Response rate for the question: I will advise my friends to take a geology lab
course which uses digital specimens only (N = 174) (Cho & Clary, 2019a).

The numbers in parentheses are the frequency of responses.

In tandem with the analysis of students’ feedback on virtual specimens, I tried to
investigate some in-depth knowledge about students’ thoughts on virtual specimens through
essay responses. With the first two questions, I wanted to determine which devices students
would normally use for virtual investigation of specimens and what technical troubles they might
have. With another two questions, I wanted to find how students evaluate the effectiveness of
virtual specimens.
Which device did you use to access the digital specimens? The majority (69%, n = 120)
of students used their mobile phones to access the online repository of virtual specimens while
26% (n = 45) students used their laptops and only two students used their tablets. That might
result because the majority of students bring their mobile phones almost any time and also
because they feel their mobile phones with them can be conveniently used to quickly connect to
the online resources.

101

What troubles did you have (if any) in accessing and manipulating digital specimens with
your device? Most of the students (81%, n = 144) responded that they didn’t have any trouble in
accessing virtual specimens. That means the technological and network environments are
adequate to support learning through mobile devices. Some students (10%, n = 18) have reported
that there was a minor issue manipulating virtual specimens. These issues include device lags
and trouble manipulating virtual specimens.
In what sense were digital specimens more effective in doing your work than real
specimens? 25% of students (n = 44) admitted that the visual quality of virtual specimens was
very good and it would be better than the physical specimens. Students (36%, n = 63) also
pointed out that rotatable and zoomable capabilities are very helpful in inspecting the details of
the specimen. 6% of students (n = 11) indicated that virtual specimens are convenient and are
easily accessible. 5% of students (n = 8) argued that one of the benefits of virtual specimens is
that all of the rocks were the same for everyone and everyone sees the exact same specimen.
In what sense were digital specimens less effective in doing your work than real
specimens? 77% of students (n = 134) pointed out what most of geoscience educators might
think as a drawback of virtual specimens. Students stated they were not able to have physical
interaction (e.g., touch, smell) for virtual specimens.
Results of qualitative study for Lab Course Test Group: Instructors’ responses
The feedback from instructors (N = 5) for the Lab Course Test Group was received
through the Google Form survey questionnaire (Appendix B) about a few weeks after the survey
for students were collected. Instructors’ responses were also collected in Likert scale and in
essay format.
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I think my students enjoyed virtual specimens. For this question in Likert scale, 80% (n =
4) of instructors agreed that they believe their students enjoyed virtual specimens (Figure 4.14).
This aligns well with actual students’ responses.

"I think my students enjoyed virtual specimens."

Response rate

80%
(4)

0%

STRONGLY
DISAGREE

Figure 4.14

20%
(1)

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

0%

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: “I think my students enjoyed virtual
specimens.” (N = 5).

The numbers in parentheses are the frequency of responses.

I enjoyed teaching with virtual specimens in the lab. 80% (n = 4) of instructors agreed or
strongly agreed that they enjoyed teaching with virtual specimens in the lab. (Figure 4.15).
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"I enjoyed teaching with virtual specimens in the lab."

Response rate

60%
(3)

0%

STRONGLY
DISAGREE

Figure 4.15

20%
(1)

DISAGREE

20%
(1)

0%

UNCERTAIN/NOT
APPLICABLE

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: "I enjoyed teaching with virtual
specimens in the lab." (N = 5).

The numbers in parentheses are the frequency of responses.

Virtual specimens were easier to teach. Instructors were hesitant to agree that virtual
specimens were easier to teach (Figure 4.16). 40% (n = 2) of them disagreed with this statement.

"Virtual specimens were easier to teach."

Response rate

60%
(3)
40%
(2)

0%

STRONGLY
DISAGREE

Figure 4.16

DISAGREE

UNCERTAIN/NOT
APPLICABLE

0%

0%

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: "Virtual specimens were easier to
teach." (N = 5).

The numbers in parentheses are the frequency of responses.
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The visual quality of virtual specimens was good enough to teach in an introductory
laboratory course. 80% (n = 4) of instructors agreed or strongly agreed that they enjoyed
teaching with virtual specimens in the lab. (Figure 4.17). No one disagreed with this statement.

Response rate

"The visual quality of virtual specimens was good enough to teach in an
introductory laboratory course."

60%
(3)

0%

0%

STRONGLY
DISAGREE

DISAGREE

Figure 4.17

20%
(1)

UNCERTAIN/NOT
APPLICABLE

20%
(1)

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: "The visual quality of virtual specimens
was good enough to teach in an introductory laboratory course." (N = 5).

The numbers in parentheses are the frequency of responses.

I think virtual specimens will be able to replace physical samples in distance learning
classes. 80% (n = 2) of instructors agreed or strongly agreed that they think virtual specimens
will be able to replace physical specimens in distance learning classes (Figure 4.18).
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Response rate

"I think virtual specimens will be able to replace physical samples in
distance learning classes."
40%
(2)

20%
(1)

20%
(1)

20%
(1)

AGREE

STRONGLY AGREE

0%

STRONGLY
DISAGREE

Figure 4.18

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Instructors’ response rate for the question: "I think virtual specimens will be able
to replace physical samples in distance learning classes." (N = 5).

The numbers in parentheses are the frequency of responses.

I think virtual specimens will be able to replace physical samples in face-to-face learning
classes. Instructors did not believe that virtual specimens will be able to replace physical
specimens in face-to-face learning classes (Figure 4.19). Compared to students’ feedback on the
same question, instructors appear to be much more negative on the possibility of replacing
physical specimens with virtual ones in face-to-face learning environment, although this small
sample size is not conducive to generalizations.
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Response rate

"I think virtual specimens will be able to replace physical samples in faceto-face learning classes."

60%
(3)

20%
(1)

STRONGLY
DISAGREE

Figure 4.19

20%
(1)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

0%

0%

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: "I think virtual specimens will be able
to replace physical samples in face-to-face learning classes." (N = 5).

The numbers in parentheses are the frequency of responses.

I think this technology will be able to provide students with a geology lab course which
uses virtual specimens only although I admit it is not a good way for teaching. 80% (n = 4) of
instructors agreed that virtual specimens can provide students with a geology lab course which
uses virtual specimens only (Figure 4.20).

107

Response rate

"I think this technology will be able to provide students with a geology lab
course which uses virtual specimens only although I admit it is not a good
way for teaching."

80%
(4)

0%

0%

STRONGLY
DISAGREE

DISAGREE

Figure 4.20

20%
(1)

UNCERTAIN/NOT
APPLICABLE

0%

AGREE

STRONGLY AGREE

Instructors’ response rate for the question: "I think this technology will be able to
provide students with a geology lab course which uses virtual specimens only
although I admit it is not a good way for teaching." (N = 5).

The numbers in parentheses are the frequency of responses.

As I did for the students’ feedback on virtual specimens, I investigated some in-depth
knowledge about instructors’ thoughts on virtual specimens through essay responses.
What troubles did you have while you were teaching with virtual specimens? One of the
instructors responded that students were frustrated that they could not hold the specimen or
interact with it face-to-face to feel it in their hands or to look very closely at it. The other
instructor pointed out that some students did not immediately understand the full scope of how
they could manipulate their view of the specimen. One of them also felt that needing phones or
extra computers in the classroom puts technology constraints to their teaching. Another
instructor revealed that virtual specimens do not align well with their ways of teaching, as they
prefer to line the metamorphic specimens up in order of their metamorphic grade to demonstrate
the gradation of texture but they could not do that with virtual specimens. One of the instructors
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suggested to provide students with all virtual specimens so that students would have to compare
them all the same way, not trying to look at the physical and virtual specimens separately.
In what sense were virtual specimens more effective in teaching? One of the instructors
argued that they do not believe virtual specimens are as effective as physical interaction with the
specimen. However, they believe that students are comfortable with the idea of having the virtual
specimen to look at or review without having to go to the laboratory to check out the rocks. They
supported students’ idea for the possibility of having the whole box of specimens on their phone
as a library of digital copies to review or to study. Another instructor corroborated the students’
idea that virtual specimens were consistent from student to student and the traits necessary to
identify them were distinct. One instructor believed virtual specimens were effective because
students were able to zoom in and out to see different things.
In what sense were virtual specimens less effective in teaching? Three instructors argued
that their students were frustrated because they were not able to hold or physically interact with
the specimens. The other instructor pointed out that the goal of that lab module was to help
students improve their rock identification skills, but they worried that practicing rock
identification with virtual specimens may not improve their skills of identifying physical
specimens in the field. To address this matter, they suggested multiple scanned virtual specimens
for the same rock so that students could practice with rocks with a variety of imperfections or
ambiguities that would help them to focus on finding the diagnostic traits.
Another suggestion by an instructor was to have both physical and virtual options
available to students and to allow students to decide which they preferred to use. Another
instructor believed that most students did not bother to look at the rocks after the initial class.
Therefore, they thought that using virtual rocks was a way for students in the introductory labs to
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study and review the physical specimens that they have learned about in class, rather than try to
supply physical specimens. This could be a way to get students to study effectively for exams
because virtual specimens are easy to access online.
Results of qualitative study for VGLTs Test Group
The feedback from VGLTs Test Group (N = 16) for survey questions in section 2 of the
Questionnaire for Virtual Geology Learning Tools Test Groups provides in-depth insight and
understanding about advantages and drawbacks of VGLTs including Virtual Specimens.
The analysis of their feedback for each question is as follows.
Virtual Specimens helped me easily investigate the rocks specimens. All participants of
the professional group (100%) and the majority of non-professional group (90%) admitted that
Virtual Specimens helped them easily identify rocks specimens (Figure 4.21). The professional
group showed more positive responses with smaller dispersion than the non-professional group.

Response rate

"They helped me easily investigate the rock specimens."
70%
(7)

0%

0%

STRONGLY
DISAGREE

10% (1)

0%

DISAGREE

0%

Non-professional group

Figure 4.21

33%
(2)

0%

UNCERTAIN/NOT
APPLICABLE

67%
(4)

AGREE

20%
(2)

STRONGLY AGREE

Professional group

Response rate for the question: “They helped me easily investigate the rock
specimens.” (N = 16; n = 10 for non-professional and n = 6 for professional
groups) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.
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They helped me learn about and analyze the rock's geological features. All participants
of the professional group (100%) and the majority of non-professional group (80%) agreed that
Virtual Specimens helped them learn about and analyze geological features of rocks (Figure
4.22). The professional group showed more positive responses with smaller dispersion than the
non-professional group.

Response rate

"They helped me learn about and analyze the rock's geological features."

70%
(7)
50%
(3)
0%

0%

STRONGLY
DISAGREE

10% (1)

0%

DISAGREE

10% (1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.22

0%

50%
(3)
10% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “They helped me learn about and analyze the rock's
geological features.” (N = 16; n = 10 for non-professional and n = 6 for
professional groups) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will help students learn as much as they will do out in the field. Half of professional
group participants and 30% of non-professional group participants thought that students will
learn with Virtual Specimens as much as they will in the field, while 33% and 40% of
professional and non-professional group participants, respectively, refused to acknowledge this
(Figure 4.23). Among those questions in the survey for Virtual Specimens, this question
exhibited the largest variations in participants’ responses. This question also divided the
111

professional group into strong advocates and skeptics. The professional group demonstrated
more support, however, while non-professionals provided more negative feedback on this
question.

Response rate

"It will help students learn as much as they will do out in the field."

30%
(3)

10% (1)

33%
(2)

17%
(1)

20%
(2)

17%
(1)

0%

STRONGLY
DISAGREE

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.23

33%
(2)

30%
(3)

AGREE

10%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “It will help students learn as much as they will do
out in the field.” (N = 16; n = 10 for non-professional and n = 6 for professional
groups) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be helpful in previewing and reviewing the fieldtrip. Overwhelming support was
given by both professionals and non-professionals on this question. There was no one who
refused to say Virtual Specimens will be helpful in previewing and reviewing field trips (Figure
4.24). The professional group illustrated stronger support than the non-professional group for this
statement.

112

Response rate

"It will be helpful in previewing and reviewing the fieldtrip."
83%
(5)
50%
(5)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

10% (1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.24

0%

40%
(4)
17% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be helpful in previewing and reviewing the
fieldtrip.” (N = 16; n = 10 for non-professional and n = 6 for professional groups)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be useful for regular field geology education. All participants of the professional
group (100%) and the substantial number of non-professional group (70%) agreed that Virtual
Specimens will be useful for regular field geology education (Figure 4.25). The professional
group showed more positive responses with smaller dispersion than the non-professional group.
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Response rate

"It will be useful for regular field geology education."

50%
(5)

0%

0%

STRONGLY
DISAGREE

10% (1)

0%

DISAGREE

20%
(2)

Figure 4.25

50%
(3)

20%
(2)

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

50%
(3)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be useful for regular field geology
education.” (N = 16; n = 10 for non-professional and n = 6 for professional groups)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

The feedback implies that participants regard virtual specimens as a useful tool for a
regular field geology education and previewing and reviewing a field trip. Participants also
responded that virtual specimens helped them easily investigate rock specimens and learn about
and analyze geologic features of rocks. However, some participants (33% and 40% for
professional and non-professional groups) indicated that they are doubtful if virtual specimens
would help them learn as much as they will learn in the field. The feedback for non-professional
group (n = 10) shows a similar pattern for that of professional group (n = 6) but their responses
are more widely distributed than those of the professional group with five different responses
within the Likert scale.
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Overall, professional group participants showed more positive and stronger support than
non-professional participants for using Virtual Specimens in college geology education. They
also responded more consistently with lower dispersion of responses.
In their feedback in essay format in section 2 of the questionnaire, non-professional group
participants (4 out of 7 participants who provided essay feedback) stated that 3D models are of
excellent quality and they have never seen such detailed and intuitive simulations in the science
classroom. Daisy (secondary science education major, senior) indicated that she “loves the idea
of using 3D rock models in the classroom”. She added that “this would be especially useful if
students had to miss class and lost the opportunity to interact with the samples directly and for
previewing the field trip”. She argued that “a student could learn the same things and make the
same observations through the models as they could with direct interaction with rock samples”.
Similar but more in-depth information in terms of college geology education was
acquired from the feedback of professional group participants. Three out four participants who
provided essay feedback on this question (Ryan, Penelope, and Violet) responded that Virtual
Specimens showed good detail. Ryan (MSU-USM SGFC 2018 participant) added the amount of
detail is beyond his expectation and is sufficient to easily identify small fossils. Penelope (MSUUSM SGFC 2018 participant) said the colors were well preserved. Usher (2017 & 2018 MSUUSM SGFC instructor) described that the rock model appropriately displays both weathered and
fresh surfaces which are important for identification of various features. Violet (a graduate
student who has had prior professional field experiences in her former institution) added that 3D
models are easy to navigate and suggested students could use virtual specimens either as a
learning tool or in conjunction with field-based work in identification and descriptions of rocks.
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Penelope argued that virtual specimens could serve as great examples of field rocks in advance
or for comparison after field work was complete.
However, Penelope and Usher from the professional group and Caleb (engineering major,
sophomore) and Gavin (geology major, sophomore) from the non-professional group expressed
similar thoughts as the Lab Course Test Group participants when they responded that they cannot
physically interact with virtual specimens in person. Usher added that virtual specimens “do not
quite bring out the physical texture (i.e., small bumps & declivities) that students could otherwise
detect in a hand sample”. Penelope also noted that the use of hydrochloric acid is not applicable
although it is important to the identification of rock types. She also revealed that a higher level of
magnification would be needed to replace field work but virtual specimens function well in a
supportive or introductory role.
Application and assessment of Virtual Roadcut
In summer of 2018, Mississippi State University (MSU) and University of Southern
Mississippi (USM) collaboratively offered a traditional 24-day Summer Geology Field Camp
through the southwest US with prolonged investigations in Gunnison and Saguache counties in
Colorado (Cho & Clary 2018b). During the first 10 days of the field excursion, I developed some
VGLTs to improve students’ field learning experience (Cho & Clary 2018b).
Assessment of Virtual Roadcut for Kingsland glauconite exposure
One of those VGLTs I created from the camp is the Virtual Roadcut for the Kingsland
glauconite roadcut, a roadcut near Hoover Point overlook to the southeast of Kingsland, Texas
(Figure 4.26).
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Figure 4.26

Google Map and Street View of Kingsland glauconite roadcut beside a busy
highway.

It is on the roadside of the E Farm to Market Rd 1431 which is a four-lane highway and is to the
southeast of Kingsland, Texas. There is an overlook and parking spaces on the opposite side of
the roadcut but crossing the highway to get a close investigation of the rocks on the roadcut
could really be dangerous because of high volume of traffic and vehicles travelling quickly.

The Kingsland glauconite roadcut is one of great examples showing why we need to
create a virtual representation of the physical roadcut. It lies beside a four-lane highway, E Farm
to Market Rd 1431, where the high volume of traffic imposes a substantial risk to students
investigating it. There is a large parking space on the opposite side of the roadcut where the
overlook is located. From this overlook, students were able to overview the entire roadcut which
is about 200 meters wide. Students then crossed the highway under the guidance of the field trip
leaders to investigate the roadcut. Then, they walked along the roadcut beside the road to
investigate detailed structures and textures while keeping eyes on the traffic. However, it was not
easy for students to link the big picture of the roadcut with the detailed structures and textures in
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an integrative manner as they were not able to move back and forth to adjust the view and the
scope of the outcrop because of the highway traffic. Another limitation was that the top portion
of the roadcut was beyond the reach of the students. They also had a limited time allotted to
spend there.
Virtual Roadcut of Kingsland glauconite exposure was reconstructed from 126 pictures
that were taken for 200-meter wide roadcut in 15 minutes with a 24mm camera lens mounted on
a full-frame DSLR camera while moving along the line of multiple vantage points that runs
parallel to the roadcut. The stitched picture is 45,111 by 5,684 pixels which equals the 0.26 gigapixel image. The tiled image set of this picture was uploaded to the GIGAmacro Viewer website,
a service that hosts tiled gigapixel images. The Viewer also offers ways to add points, lines,
polygons, and freehand drawings as well as text annotation for the image, thereby allowing
students to optimize and personalize their learning. Figure 4.27 shows Virtual Roadcut of
Kingsland glauconite site as it is hosted in GIGAmacro Viewer.

Figure 4.27

Virtual roadcut of Kingsland glauconite.

This 200 meter-wide roadcut was reconstructed into a flat gigapixel image from 126 images. It
allows students to see the “big picture” of the roadcut and detailed textures embedded in it by
zooming in and out with their mouse, without the worries of highway traffic (Cho & Clary
2018c).
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Qualitative study questions for testing virtual roadcut for the VGLTs Test Group are
classified in Table 4.14.
Table 4.14
Code
VG-VR-L1

Classification of qualitative study questions for virtual roadcut for the VGLTs Test
Group.
Value

VG-VR-L2

Question/statement
It helped me see the entire structure and the detailed features at the
same time.
It helped me learn about and analyze the site's geological features.

VG-VR-L3

It will help students learn as much as they will do out in the field.

Usefulness

VG-VR-L4
VG-VR-L5

It will be helpful in previewing and reviewing the fieldtrip.
It will be useful for regular field geology education.

Usefulness

Usefulness
Usefulness

Usefulness

VG-VR-E

Do you have any comments or suggestions on Gigapixel image of
roadcut, including its pros and cons? (Values and Roles proposed
Variable
by)
The first section with two letters of code indicates the questions is for the VGLTs Test Group
(VG). The second section of code indicates the question is for Virtual Roadcut (VR). L and E in
the last section of code indicates questions are either in Likert or in Essay format, respectively.

Results
The feedback from VGLTs Test Group (N = 16) on Virtual Roadcuts was collected from
survey questions in section 1 of the Questionnaire for Virtual Geology Learning Tools Test
Group. The analysis of student feedback for each question is discussed below.
It helped me see the entire structure and the detailed features at the same time. The
professional and non-professional groups showed the same distribution of responses. All
participants (100% for both groups) admitted that Virtual Roadcut helped them see the entire
structure and the detailed features in an integrative way (Figure 4.28).
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Response rate

"It helped me see the entire structure and the detailed features at the
same time."
67%
(6)

67%
(4)

33%
(3)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

Figure 4.28

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

33%
(2)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me see the entire structure and the
detailed features at the same time.” (N = 16; 6 for professional group and 10 for
non-professional group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It helped me learn about and analyze the site's geological features. 100% and 89% (n =
8) of professional and non-professional group agreed that Virtual Roadcut was useful in learning
about and analyzing the geological features of roadcut (Figure 4.29). The professional group
provided more positive responses.
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Response rate

"It helped me learn about and analyze the site's geological features."

89%
(8)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

11% (1)

Figure 4.29

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

83%
(5)

0%

AGREE

17% (1)

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me learn about and analyze the site's
geological features.” (N = 16; 6 for professional group and 10 for non-professional
group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will help students learn as much as they will do out in the field. Half (n = 3) of
professional group participants and 44% (n = 4) of non-professional group disagreed with that
students will be able to learn with Virtual Roadcut as much as they will do in the field (Figure
4.30). The distribution of responses shows large dispersions for both groups.
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Response rate

"It will help students learn as much as they will do out in the field."

50%
(3)

44%
(4)

33%
(3)
11% (1)

0%

STRONGLY
DISAGREE

11% (1)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.30

17%
(1)

33%
(2)
0%

AGREE

0%

STRONGLY AGREE

Professional group

Response rate for the question: “It will help students learn as much as they will do
out in the field.” (N = 16; 6 for professional group and 10 for non-professional
group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be helpful in previewing and reviewing the fieldtrip. All participants (100% for
both groups) ensured that Virtual Roadcut will be useful in previewing and reviewing field trips
(Figure 4.31). Professional group participants showed more positive responses than nonprofessional group members did.
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"It will be helpful in previewing and reviewing the fieldtrip."

Response rate

83%
(5)
56%
(5)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.31

0%

44%
(4)
17% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be helpful in previewing and reviewing the
fieldtrip.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be useful for regular field geology education. 100% and 55% (n = 5) of
professional and non-professional participants agreed that Virtual Roadcut will be useful for
regular field geology education (Figure 4.32). Professional group participants provided more
positive responses with smaller dispersion than non-professional group participants did.
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Response rate

"It will be useful for regular field geology education."

44%
(4)

33%
(3)
0%

0%

STRONGLY
DISAGREE

11% (1)

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.32

50%
(3)

50%
(3)

11% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be useful for regular field geology
education.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

The essay feedback provided more detail about how students perceived this tool. Three
(Andrew, Caleb, Gavin) of eight non-professional group participants who provided essay
feedback described that the image quality is very good, and they were able to look at all of the
features up close with the picture rather than being at the site in person. Gavin (geology major,
sophomore) also thought Virtual Roadcut helped create better engagement for the viewer.
However, Andrew (environmental geoscience major, junior) and Bailey (biology major,
sophomore) argued that it is not the same as seeing it in person and they were not able to touch
it. Eva (psychology and environmental geosciences major, junior) noted that students can only
view the few things that are already chosen by their teacher and it will not feel like students
actually exploring it. Daisy (secondary science education major, senior) suggested that pictures
with extra-detail be supplied in tandem with the roadcut. Ben (aerospace engineering major,
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senior) suggested to add more clickable points that provide additional details on the individual
layers.
Two (Ryan, MSU-USM SGFC 2018 participant and Usher, MSU-USM SGFC 2017 &
2018 instructor) out of five professional group participants who provided essay feedback
mentioned that the image is high resolution and appropriate for identifying changes in lithology
and structural features. Spencer (MSU-USM 2018 participant) thought Virtual Roadcuts are
“very helpful for classroom-based field study and students would be able to distinguish distinct
features within the roadcuts at home”. He also added that Virtual Roadcuts could be used as an
alternative to bring physical rock specimens to use them for examination purposes. Violet (a
graduate student who has had prior professional field experiences in her former institution) stated
that she enjoyed markups such as lines showing the fault, scales, and additional texts. In addition
to this, Ryan suggested to add description of the rock type, and Usher suggested to put tools
indicating geographic orientation and angle of departure from horizontal level. Among students
who participated in the summer geology field camp, Penelope (MSU-USM SGFC 2018
participant) pointed out that they were able to investigate not just the lower side of the roadcut
but also the portion above their reach with Virtual Roadcut. She mentioned that they would not
have realized, due to their limited amount of time at the site, how many fault lines appeared
along the roadcut, as was revealed in Virtual Roadcut. Participants further reported that Virtual
Roadcut was a great resource because they can investigate the roadcut in detail without taking
risks by repeatedly crossing four lanes of traffic.
However, Penelope pointed out there is still a loss of texture which was so critical in
understanding of the glauconite and why there was so much rock debris in the area. This could
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easily be resolved if I had used lenses with a longer focal length other than the 24-mm wide-field
lens. Therefore, this shows how the choice of a lens can affect the students’ satisfaction.
Application and assessment of Virtual Overlook
I created a panoramic virtual tour for the weathered volcanic environment in Saguache
County, Colorado, which was one of the most important areas targeted during the MSU-USM
SGFC 2018. I took aerial pictures of the terrain seen over the points of interest (POIs) using UAS
to create the lower-hemispherical image. Those POIs include Table Top, Prosser Rock, and P2, a
small dormant volcanic plug to the southwest of the Prosser Rock. The upper-hemispherical
image was reconstructed from pictures of sky taken near Mississippi State University. It was
because the research area did not provide a large open space for taking whole sky images
(discussed in chapter III). These upper and lower hemispherical images were then blended to
create full spherical or 360-degree aerial panoramic images over each POI. Scenes in Virtual
Overlook are made up of a spherical image, hotspots, and markups. Clicking on a hotspot would
open a PDF document, images, videos, or web content within or outside of the scene. Scenes can
also be switched by clicking on hotspots. Figure 4.33 shows Virtual Overlook application created
with Holobuilder for Prosser Rock and Table Top area in Saguache County, Colorado.
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Figure 4.33

Virtual Overlook. 360-degree aerial panoramas were used to serve as scenes in this
panoramic virtual tour.

The scenes include various information such as images, videos, 3D models, documents, and web
sites. This panoramic tour was created with HoloBuilder (Cho & Clary 2018c). A: Documents,
images, videos, and web contents are embedded in the scene, B: Clicking on a video hotspot
plays a video taken with a UAV over the Prosser Rock, C: Opening a geologic database in the
panoramic virtual tour application lets the user investigate geologic maps and geospatial
quantities such as vertical profile between two locations.
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Table 4.15 classifies the qualitative study questions for virtual overlook for the VGLTs
Test Group.
Table 4.15
Code
VG-VO-L1

Classification of qualitative study questions for virtual overlook for the VGLTs
Test Group.

VG-VO-L2

Question/statement
It helped me better understand how geological objects are
geographically related.
It was useful for overviewing the entire field settings.

Value

VG-VO-L3

It will help students learn as much as they will do out in the field. Usefulness

VG-VO-L4
VG-VO-L5

It will be helpful in previewing and reviewing the fieldtrip.
It will be useful for regular field geology education.

Usefulness
Usefulness
Usefulness
Usefulness

VG-VO-E

Do you have any comments or suggestions on Virtual tours using
360-degree panoramas with a variety of information and objects, Variable
including their pros and cons? (Values and Roles proposed by)
The first section with two letters of code indicates the questions is for the VGLTs Test Group
(VG). The second section of code indicates the question is for Virtual Overlook (VO). L and E in
the last section of code indicates questions are either in Likert or in Essay format, respectively.

Results
Participants of VGLTs Test Group responded positively for most of the features Virtual
Overlook has offered. The analysis of participant feedback for each question is as follows.
It helped me better understand how geological objects are geographically related. All
participants (100% for both professionals and non-professionals) admitted that Virtual Overlook
helped them better understand how geological objects are geographically related (Figure 4.34).
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Response rate

"It helped me better understand how geological objects are geographically
related."

60%
(6)

67%
(4)

40%
(4)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

Figure 4.34

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

33%
(2)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me better understand how geological
objects are geographically related.” (N = 16; 6 for professional group and 10 for
non-professional group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It was useful for overviewing the entire field settings. All participants (100%) ensured
that Virtual Overlook was useful for overviewing the entire field (Figure 4.35). The professional
subgroup was more supportive than non-professionals on this question.
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"It was useful for overviewing the entire field settings."

Response rate

83%
(5)
50%
(5)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.35

0%

50%
(5)
17% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It was useful for overviewing the entire field
settings.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will help students learn as much as they will do out in the field. Participants are hesitant
to say that students will be able to learn with Virtual Overlook as much as they will do in the
field. Half (n = 3) of professional group participants and 60% (n = 6) of non-professionals
thought that students will learn with Virtual Overlook as much as they will in the field, while
33% (n = 2) and 10% (n = 3) of professional and non-professional group participants refused to
agree with the statement (Figure 4.36). Among those questions in the survey for Virtual
Roadcuts, this question exhibited the responses being most widely distributed over 5 Likert
choices.
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Response rate

"It will help students learn as much as they will do out in the field."

33%
(2)
0%

0%

STRONGLY
DISAGREE

30%
(3)

10% (1)

DISAGREE

17%
(1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.36

40%
(4)

50%
(3)

20%
(2)

AGREE

0%

STRONGLY AGREE

Professional group

Response rate for the question: “It will help students learn as much as they will do
out in the field.” (N = 16; 6 for professional group and 10 for non-professional
group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be helpful in previewing and reviewing the fieldtrip. All participants (100% for
both groups) agreed that Virtual Overlook will be useful in previewing and reviewing the field
(Figure 4.37). The professional participants were more supportive than non-professionals on this
question.
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"It will be helpful in previewing and reviewing the fieldtrip."

Response rate

67%
(4)
50%
(5)

50%
(5)
33%
(2)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.37

0%

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be helpful in previewing and reviewing the
fieldtrip.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be useful for regular field geology education. 83% (n = 5) of professional
participants and 80% (n = 8) of non-professional participants predicted that Virtual Overlook
will be useful for regular field geology education (Figure 4.38).
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Response rate

"It will be useful for regular field geology education."
83%
(5)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

20%
(2)

17% (1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.38

40%
(4)

40%
(4)
0%

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be useful for regular field geology
education.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

Students thought Virtual Overlook was a great way to put everything together in an easy
way to understand. They thought it is more fun than other VGLTs. However, they are still
reluctant to say that it could be effective as much as the in-person experiences in the field.
Additionally, participants pointed out that they had no control over movement, which is
technically not easy to realize in a panoramic virtual tour.
The essay feedback provided more detail about how students perceived Virtual Overlook.
Daisy (secondary science education major, senior) from the non-professional group thought that
it was her favorite of all the virtual learning tools she tested. A non-professional participant Ben
(aerospace engineering major, senior) and professional participant Usher (MSU-USM SGFC
2017 & 2018 instructor) compared Virtual Overlook with Virtual Helicopter Tour (discussed in
the next section) and stated that they thought Virtual Overlook was better than Virtual Helicopter
Tour.
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Daisy, and Spencer and Penelope (MSU-USM SGFC 2018 participants) indicated that
Virtual Overlook is more helpful when looking at largescale structures or landforms and, with
more detailed images, the structures could be identified easily in the virtual environment.
Daisy, Penelope, and Violet (a graduate student who has had prior professional field
experiences in her former institution, a professional participant) stated that it is a useful tool
because it can house lots of different types of information and media. Daisy added that
embedded information, videos, and PDF documents are “extremely useful” and thought it will be
“great for teaching students about the landforms”.
Among the perceived drawbacks, Andrew (environmental geosciences major, junior,
non-professional) and Penelope pointed out the inability to move around the area. Caleb (nonprofessional sophomore) noted the lack of geographic information on their locations. The latter
can be addressed later by embedding geographic information in the scenes.
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Application and assessment of Virtual Helicopter Tour
I used Geoscan’s Sputnik Web and Cesium ion to host DEMs of Table Top, Prosser
Rock, and P2 created through aerial photogrammetry using UAS in Saguache County, Colorado,
where geology students practiced the geologic mapping and field trips during their summer
geology field camp. The quality of DEMs reconstructed from these locations contained greater
detail than the base map of the 3D map platform. However, the quality of the models
reconstructed from the aerial photogrammetry varied depending on how close I was able to make
the UAV approach the target. Figure 4.39 shows the Virtual Helicopter created for this area.

Figure 4.39

Virtual helicopter tour. 3D models of terrain reconstructed through the aerial
photogrammetry were placed in the interactive 3D map platforms.

Students can fly over POIs with their mouse and investigate visual features and geographical
relationships of POIs. They can measure geospatial quantities as well (Cho & Clary 2018c). A: A
DEM of P2 embedded in Cesium ION, B: A DEM of Table Top embedded in Cesium ION, C: A
DEM of Prosser Rock embedded in Sputnik Web.
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Figure 4.39 (continued)

Table 4.16 classifies the qualitative study questions for virtual helicopter tour for the
VGLTs Test Group.
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Table 4.16
Code
VG-VH-L1
VG-VH-L2
VG-VH-L3

Classification of qualitative study questions for virtual helicopter tour for the
VGLTs Test Group.
Question/statement
It helped me better understand how they are geographically
related.
It was useful for overviewing the entire field settings.

Value
Usefulness
Usefulness

VG-VH-L5

It helped me better understand geomorphology of terrain more
Quality
than the base map.
It helped me learn about and analyze geological features of
Usefulness
terrain.
It will help students learn as much as they will do out in the field. Usefulness

VG-VH-L6

It will be helpful in previewing and reviewing the fieldtrip.

Usefulness

VG-VH-L7

It will be useful for regular field geology education.

Usefulness

VG-VH-L4

VG-VH-E

Do you have any comments or suggestions on a 3D Map App
with 3D Terrain Models, including its pros and cons?
The first section with two letters of code indicates the questions is for the VGLTs Test Group
(VG). The second section of code indicates the question is for Virtual Overlook (VO). L and E in
the last section of code indicates questions are either in Likert or in Essay format, respectively.

Results
Students provided feedback through the survey instrument provided in Appendix C. The
analysis of their feedback for each question is as follows.
It helped me better understand how they are geographically related. All participants
(100%) agreed that Virtual Helicopter Tour helped them better understand how geological
features are geographically related (Figure 4.40).
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Response rate

"It helped me better understand how they are geographically related."
80%
(8)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

Figure 4.40

20%
(2)

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

67%
(4)

AGREE

33%
(2)

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me better understand how they are
geographically related.” (N = 16; 6 for professional group and 10 for nonprofessional group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It was useful for overviewing the entire field settings. All non-professional and 67% (n =
4) of professional participants thought that Virtual Helicopter Tour was useful for overviewing
the entire field setting (Figure 4.41). Professional participants were less supportive than nonprofessionals on their feedback for this question which was unusual.
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Response rate

"It was useful for overviewing the entire field settings."

70%
(7)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.41

33%
(2)

50%
(3)
30%
(3)

AGREE

17%
(1)

STRONGLY AGREE

Non-professional group

Response rate for the question: “It was useful for overviewing the entire field
settings.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It helped me better understand geomorphology of terrain more than the base map. All
participants in professional group and 90% (n = 9) of them in non-professional group agreed that
Virtual Helicopter Tour helped them better understand geomorphology of terrain than the base
map. (Figure 4.42).

139

Response rate

"It helped me better understand geomorphology of terrain more than the
base map."

50%
(5)

0%

0%

STRONGLY
DISAGREE

10% (1)

0%

DISAGREE

0%

Figure 4.42

40%
(4)

50%
(3)

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

50%
(3)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me better understand geomorphology of
terrain more than the base map.” (N = 16; 6 for professional group and 10 for nonprofessional group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It helped me learn about and analyze geological features of terrain. The distribution of
participants’ responses on this question was quite similar to the item ‘students will learn with this
tool as much as they will in the field’ statement. Both groups were skeptical in acknowledging
that this tool helped them in learning about and analyzing geological features of terrain3 (Figure
4.43).

3

This is probably because participants did not believe the quality of DEMs embedded in the 3D map was
good enough to investigate the geological characteristics.
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Response rate

"It helped me learn about and analyze geological features of terrain."

50%
(5)

0%

0%

STRONGLY
DISAGREE

10% (1)

17%
(1)

DISAGREE

30%
(3)

17%
(1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.43

33%
2)

33%
(1)
10% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It helped me learn about and analyze geological
features of terrain.” (N = 16; 6 for professional group and 10 for non-professional
group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will help students learn as much as they will do out in the field. As it has been true for
other VGLTs on this question, participants in both groups were reluctant to predict that students
will learn with this tool as much as they will in the field (Figure 4.44). There were no
participants who strongly agreed with this statement in the professional group, which is unusual.
Instead, half of professional participants did not think that Virtual Helicopter Tour will be
helpful for student learning when compared to field-based learning.
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Response rate

"It will help students learn as much as they will do out in the field."

33%
(2)

10%
(1)

17%
(1)

STRONGLY
DISAGREE

40%
(4)

30%
(3)
17%
(1)

10%
(1)

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.44

33%
(2)

10%
(1)

AGREE

0%

STRONGLY AGREE

Professional group

Response rate for the question: “It will help students learn as much as they will do
out in the field.” (N = 16; 6 for professional group and 10 for non-professional
group) (Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be helpful in previewing and reviewing the fieldtrip. All participants (100% for
both groups) agreed that Virtual Helicopter Tour will be helpful in previewing and reviewing
field trips (Figure 4.45). Professional participants were more positive than non-professional
participants on this question.
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Response rate

"It will be helpful in previewing and reviewing the fieldtrip."

80%
(8)

0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

Non-professional group

Figure 4.45

33%
(2)

0%

UNCERTAIN/NOT
APPLICABLE

67%
(4)

AGREE

20%
(2)

STRONGLY AGREE

Professional group

Response rate for the question: “It will be helpful in previewing and reviewing the
fieldtrip.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

It will be useful for regular field geology education. 83% (n = 5) of professional
participants and 60% (n = 6) of non-professional participants were optimistic in stating that
Virtual Helicopter Tour will be useful for regular field geology education (Figure 4.46).
Professional participants were more positive than non-professional participants in their
assessment.
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Response rate

"It will be useful for regular field geology education."

50%
(5)
30%
(3)
0%

0%

10% (1)

STRONGLY
DISAGREE

0%

DISAGREE

Figure 4.46

33%
(2)
17%
(1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

50%
(3)

10% (1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “It will be useful for regular field geology
education.” (N = 16; 6 for professional group and 10 for non-professional group)
(Cho & Clary, 2018b).

The numbers in parentheses are the frequency of responses.

The essay feedback provided more detailed understanding about how students perceived
the Virtual Helicopter Tour.
The salient feature of Virtual Helicopter Tour is that it embeds DEMs and surface color
images with much higher resolution than the 3D base map. This is because these DEMs and the
color image were created not through the satellite remote sensing but through the aerial
photogrammetry. However, three non-professional participants (Andrew, Ben, and Caleb) and
one professional participant (Usher) provided negative feedback that the photogrammetric DEMs
overlaid on the base map were not as effective and provided very little additional details when
compared to the surrounding terrain even though it was better than the base map. Usher added
that it was cumbersome and hard to control the 3D map environment, which might be addressed
by giving users some form of training on navigating. Ryan pointed out that Sputnik Web
rendered the aerial DEM and the base map topography together creating some confusion.
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On the positive side, two non-professional participants (Caleb and Daisy) and two
professionals (Spencer and Violet) mentioned that the map platform does “a great job” of
showing the spatial relationships among landforms and DEMs. Violet added these platforms are
a good way to visually represent the area and some of its features and this is a very interesting
way of compiling a lot of related information together. Usher also added that it provides a good
overview of the areas. Daisy mentioned that one of the DEMs is beautifully designed and
executed and is very intuitive and detailed. She suggested this tool would be useful if there were
embedded popups with more information about the landforms. Usher suggested that this tool, if
it is used in conjunction with the high-resolution images and rock images, could facilitate
remotely-based geological education.
Assessment of Virtual Reality by student volunteers
Among those VGLTs developed in this research, I have tested VR representations of
virtual specimens with student volunteers at CAVS Mixed-Reality Studio at Mississippi State
University (Figure 3.25). Student volunteers were first presented with virtual specimens that are
hosted on Sketchfab.com. Then they experienced VR version of virtual specimens on
Sketchfab.com through Oculus Rift Head-Mount Display (HMD) (Figure 4.47). Finally, they
were presented with physical specimens in order to compare three different representation of
rock specimens.
Table 4.17 classifies the qualitative study questions for VR Lab for the VR Lab Test
Group.
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Table 4.17

Classification of qualitative study questions for VR Lab or virtual specimens for
VR Lab Test Group.

Code
Question/statement
VR-VR-L-X1 I enjoyed working with VR specimens.

Value

VR-VR-L-X2

I enjoyed VR specimens better than Virtual Specimens.

Excitement

VR-VR-L-U1

It was easier to identify rocks using VR specimens than I did
with Virtual Specimens.
VR specimens were more fun than Virtual Specimens to
work with.
The visual quality of VR specimens was better than Virtual
Specimens.
Virtual Specimens were better than physical specimens in
getting focused on learning process.
VR specimens were better than Virtual Specimens in getting
focused on learning process.
VR specimens will be more effective than Virtual Specimens
in introductory geology labs if the labs are well-equipped
with VR devices.
VR specimens will be able to replace real samples in
introductory geology labs if the labs are well-quipped with
VR devices.
VR specimens helped me getting immersed in learning
process without being interrupted from external environment.
I prefer to use the VR environment than mobile or computerbased environment in learning with virtual specimens.
Do you have any comments or suggestions on VR specimens
or anything that would elaborate your chosen answers to the
previous questions?
Which device did you use to experience VR specimens?

VR-VR-L-U2
VR-VR-L-U3
VR-VR-L-U4
VR-VR-L-U5
VR-VR-L-U6
VR-VR-L-R
VR-VR-L-U7
VR-VR-L-X3
VR-VR-L2
VR-VR-A1
VR-VR-A2
VR-VR-X4
VR-VR-L3
VR-VR-Q

What troubles did you have (if any) in accessing VR
specimens?
In what sense did you like VR specimens?
What are the pros and cons of VR specimens compared to
Virtual Specimens in investigating the specimens?
Did VR specimens provide better detail or benefit over
Virtual Specimens? What were they?

Excitement

Usefulness
Usefulness
Usefulness
Usefulness
Usefulness
Usefulness
Replacing real
specimens
Immersiveness
Excitement
Variable
Applicability
Applicability
Excitement
Variable
Quality

The first section with two letters of code indicates the questions is for the VR Lab Test Group (VR). The second
section of code indicates the question is for VR Lab of virtual specimens (VR). L and E in the third section of code
indicates questions are either in Likert or in Essay format, respectively. The last section of code shows that questions
are intended to probe usefulness (U), excitement (X), applicability (A), or quality (Q).
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Figure 4.47

Virtual Reality representations of virtual specimens.

Results
Students provided feedback through the survey instrument provided in Appendix D. The
analysis of their feedback for each question is as follows.
I enjoyed working with VR specimens. All non-professional (100%, n = 5) and
professional (75%, n = 3) participants stated that they enjoyed working with VR specimens
(Figure 4.48).
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Response rate

"I enjoyed working with VR specimens."
75%
(3)

60%
(3)

0%

0%

STRONGLY
DISAGREE

0%

40%
(2)

25%
(1)

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.48

0%

0%

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “I enjoyed working with VR specimens.” (N = 9; 4
for professional and 5 for non-professional participants).

The numbers in parentheses are the frequency of responses.

I enjoyed VR specimens better than Virtual Specimens. 60% (n = 3) of non-professional
and 50% (n = 2) of professional participants expressed that they enjoyed VR specimens better
than Virtual Specimens while 20% (n = 1) of non-professionals and 25% (n = 1) of professionals
did not agree to the statement (Figure 4.49).
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Response rate

"I enjoyed VR specimens better than Virtual Specimens."

50%
(2)

40%
(2)
25%
(1)
0%

STRONGLY
DISAGREE

20%
(1)

0%

DISAGREE

20%
(1)

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.49

25%
(1)

AGREE

20%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “I enjoyed VR specimens better than Virtual
Specimens.” (N = 9; 4 for professional and 5 for non-professional participants).

The numbers in parentheses are the frequency of responses.

It was easier to identify rocks using VR specimens than I did with Virtual Specimens. The
substantial portion of non-professionals (60%, n = 3) and professionals (50%, n = 2) denied that
VR specimens are better than Virtual Specimens for identifying rock specimens (Figure 4.50).
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Response rate

"It was easier to identify rocks using VR specimens than I did with Virtual
Specimens."

40%
(2)

40%
(2)
25%
(1)

STRONGLY
DISAGREE

20%
(1)

25%
(1)

25%
(1)
0%

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.50

25%
(1)
0%

AGREE

0%

STRONGLY AGREE

Professional group

Response rate for the question: “It was easier to identify rocks using VR specimens
than I did with Virtual Specimens.” (N = 9; 4 for professional and 5 for nonprofessional participants).

The numbers in parentheses are the frequency of responses.

VR specimens were more fun than Virtual Specimens to work with. Although they did not
believe VR specimens were more useful than Virtual Specimens in identifying rocks, they
thought that VR specimens are more fun than Virtual Specimens. All (100%, n = 5) of nonprofessionals and 75% (3) of professionals agreed (Figure 4.51).
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"VR specimens were more fun than Virtual Specimens to work with. "

Response rate

80%
(4)
50%
(2)
0%

0%

STRONGLY
DISAGREE

0%

0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.51

25%
(1)

20%
(1)

25%
(1)

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “VR specimens were more fun than Virtual
Specimens to work with.” (N = 9; 4 for professional and 5 for non-professional
participants).

The numbers in parentheses are the frequency of responses.

The visual quality of VR specimens was better than Virtual Specimens. Participants
expressed their beliefs that VR specimens are outperformed by Virtual Specimens in terms of the
quality. All (100%, n = 5) of non-professionals and 75% (3) of professionals agreed with this
statement (Figure 4.52).
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Response rate

"The visual quality of VR specimens was better than Virtual Specimens."

80%
(4)
50%
(2)
20%
(1)

STRONGLY
DISAGREE

25%
(1)

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.52

0%

0%

25%
(1)

AGREE

0…

0%

STRONGLY AGREE

Professional group

Response rate for the question: “The visual quality of VR specimens was better
than Virtual Specimens.” (N = 9; 4 for professional and 5 for non-professional
participants).

The numbers in parentheses are the frequency of responses.

Virtual specimens were better than physical specimens in getting focused on learning
process. 60% (n = 3) of non-professionals and 75% (n = 3) of professionals stated that Virtual
Specimens were better than physical specimens in getting focused on learning (Figure 4.53).
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Response rate

"Virtual Specimens were better than physical specimens in getting focused
on learning process."

40%
(2)
0%

0%

STRONGLY
DISAGREE

20%
(1)

25%
(1)

DISAGREE

20%
(1)

Figure 4.53

20%
(1)

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

50%
(2)

AGREE

25%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “Virtual specimens were better than physical
specimens in getting focused on learning process.” (N = 9; 4 for professional and 5
for non-professional participants).

The numbers in parentheses are the frequency of responses.

VR specimens were better than virtual specimens in getting focused on learning process.
Half of professional participants (n = 2) thought VR specimens were better than Virtual
Specimens in getting focused on learning process but the other half disagreed. Non-professionals
generally agreed that VR specimens are better than Virtual Specimens in getting focused in
learning. (Figure 4.54).
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Response rate

"VR specimens were better than Virtual Specimens in getting focused on
learning process."

50%
(2)

0%

0%

STRONGLY
DISAGREE

40%
(2)

0%

25%
(1)

0%

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.54

40%
(2)

AGREE

20%
(1)

25%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “VR specimens were better than virtual specimens
in getting focused on learning process.” (N = 9; 4 for professional and 5 for nonprofessional participants).

The numbers in parentheses are the frequency of responses.

VR specimens will be more effective than Virtual Specimens in introductory geology labs
if the labs are well-equipped with VR devices. 60% (n = 3) of non-professional participants and
50% (n = 2) of professionals were optimistic in stating that VR specimens will be more effective
than Virtual Specimens in introductory geology labs provided that the labs are well-equipped
with VR devices (Figure 4.55). 40% (n = 2) of non-professionals and 25% (n = 1) of
professionals disagreed with this statement.
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Response rate

"VR specimens will be more effective than Virtual Specimens in
introductory geology labs if the labs are well-equipped with VR devices."

40%
(2)

40%
(2)
25%
(1)

0%

25%
(1)

0%

STRONGLY
DISAGREE

0%

DISAGREE

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.55

25%
(1)

AGREE

20%
(1)

25%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “VR specimens will be more effective than Virtual
Specimens in introductory geology labs if the labs are well-equipped with VR
devices.” (N = 9; 4 for professional and 5 for non-professional participants)

The numbers in parentheses are the frequency of responses.

VR specimens will be able to replace real samples in introductory geology labs if the labs
are well-quipped with VR devices. When it comes to replacing real specimens with VR
specimens in introductory geology lab course, 100% (n = 5) of non-professionals and 75% (n =
3) of professional participants were hesitatant to say it would be effective even though labs are
well-equipped with VR devices (Figure 4.56).
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Response rate

"VR specimens will be able to replace real smaples in introductory geology
labs if the labs are well-quipped with VR devices."

60%
(3)

0%

25%
(1)

STRONGLY
DISAGREE

40%
(2)

25%
(1)

DISAGREE

25%
(1)

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.56

0%

0%

AGREE

0%

25%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “VR specimens will be able to replace real samples
in introductory geology labs if the labs are well-quipped with VR devices.” (N = 9;
4 for professional and 5 for non-professional participants).

The numbers in parentheses are the frequency of responses.

VR specimens helped me getting immersed in learning process without being interrupted
from external environment. 80% (n = 4) of non-professionals and 100% (n = 4) of professional
participants agreed that VR specimens helped them getting immersed in the learning process
without being interrupted from external environment (Figure 4.57).
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Response rate

"VR specimens helped me getting immersed in learning process without
being interrupted from external environment."

80%
(4)

0%

0%

STRONGLY
DISAGREE

20%
(1)

50%
(2)
0%

DISAGREE

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.57

0%

50%
(2)

0%

AGREE

STRONGLY AGREE

Professional group

Response rate for the question: “VR specimens helped me getting immersed in
learning process without being interrupted from external environment.” (N = 9; 4
for professional and 5 for non-professional participants).

The numbers in parentheses are the frequency of responses.

I prefer to use the VR environment than mobile or computer-based environment in
learning with virtual specimens. 80% (n = 4) of non-professionals and 25% of professionals
agreed that they prefer to use VR environment than a mobile- or computer-based learning
environment (Figure 4.58).
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Response rate

"I prefer to use the VR environment than mobile or computer-based
environment in learning with virtual specimens."
75%
(3)

0%

0%

STRONGLY
DISAGREE

20%
(1)

0%

DISAGREE

0%

0%

UNCERTAIN/NOT
APPLICABLE

Non-professional group

Figure 4.58

60%
(3)

AGREE

20%
(1)

25%
(1)

STRONGLY AGREE

Professional group

Response rate for the question: “I prefer to use the VR environment than mobile or
computer-based environment in learning with virtual specimens.” (N = 9; 4 for
professional and 5 for non-professional participants).

The numbers in parentheses are the frequency of responses.

The essay feedback provided more detailed understanding about how students perceived
VR Labs. Both professional and non-professional participants expressed that they liked VR Labs
a lot (Nate, Pamela, and Parker). They indicated that it was really interesting to be able to walk
around, move, and interact with a specimen to investigate it in the VR environment (Nate,
Pamela, Priscilla, and Peggy). However, they expressed that they cannot see much details
compared to Virtual Specimens (Neil, Nelson, Nick, Naomi, Pamela, Peggy, and Priscilla). Neil
emphasized that if the quality of VR can reach the image quality of the Virtual Specimens, then
VR could easily replace the virtual specimens. Pamela stated that, among physical, virtual, and
VR specimens, the better detail came from the virtual specimen, but the best experience was
from the VR specimen. She added that virtual specimens are best for learning and VR specimens
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are for having fun. The limitation to the space available to move around the specimen was
another issue that could reduce students’ satisfaction for VR experiences (Naomi and Parker).
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CHAPTER V
CONCLUSIONS AND DISCUSSIONS
This research aimed to develop virtual geology learning tools (VGLTs) and integrate them
into the traditional college geology education to facilitate active learning in formal and informal
educational settings such as lecture-based, laboratory-based and field-based learning.
In order to address this goal, two primary research questions were investigated:
In college education,
1.

how can technologies be used to develop virtual geology learning tools (VGLTs) in

college geology education, and
2.

how effective is the integration of virtual geology learning in traditional geology

education to achieve active learning?
The latest technological developments have been applied in this research to develop virtual
geology learning tools (VGLTs) in college geology education. The concepts used in developing
VGLTs are not novel, but they have been reimagined, improved, and expanded from existing
methods. In this research, I used these concepts in tandem with latest technologies to develop more
advanced tools that may facilitate students’ satisfaction and engagement in the learning process.
The primary methodological strategy was to develop and utilize high-resolution virtual
representations of geologic objects and/or the realistic virtual 3D environments embedded with realworld terrains and animated photorealistic game objects. VGLTs were developed by utilizing this
strategy to meet learning goals of traditional geology activity both within and outside the classroom.
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VGLTs developed in this research are virtual specimens, Virtual Roadcuts, Virtual Overlook,
Virtual Helicopter Tour, and 3D Virtual Explorer. I introduced these tools into the virtual reality
(VR) as well in order to give students a more immersive experience.
VGLTs were identified and designed to help address students’ needs in many aspects of
college geology education by utilizing interactive and realistic virtual technologies. Virtual
Specimens developed in this study have very high visual quality that has been confirmed by
participants’ feedback. Virtual Roadcut was developed to include a huge section of an outcrop
beside a busy highway. Virtual Overlook was developed to include aerial 360-degree panoramic
scenes to provide viewers with an alternative point of view since this VGLT played the role of an
overlook. Virtual Helicopter Tour was developed to include high resolution digital elevation models
(DEMs) created through photogrammetry using unmanned aerial system (UAS) in an interactive 3D
map platform. 3D Virtual Explorer was developed to put students in a more integrated and realistic
environment in which they can explore the areas of interest and execute their missions. Virtual
reality (VR) technologies used for VGLTs were developed to put students in a more immersive
environment.
VGLTs were tested based on categories such as excitement, quality, usefulness, and roles
replacing or supporting formal and informal education (Table 5.1 through 5.5). Versatility and
applicability were also tested when there is feedback on these categories.
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Table 5.1

Values and roles of Virtual Specimens (from qualitative data collected from the Lab Course Test Group).
Values

Code

Question

LC-VSL1
LC-VSL2
LC-VSL3

I enjoyed working with digital
specimens in the lab.
Digital specimens helped me easily
identify rocks.
The visual quality of digital specimens
was good enough for identifying rocks.
I think digital specimens will be able to
replace real samples in distance
learning classes.
I think digital specimens will be able to
replace real samples in face-to-face
learning classes.
I will advise my friends to take a
geology lab course which uses digital
specimens only.
Which device did you use to access the
digital specimens?
What troubles did you have (if any) in
accessing and manipulating digital
specimens with your device?
In what sense were digital specimens
more effective in doing your work than
real specimens?
In what sense were digital specimens
less effective in doing your work than
real specimens?
DESCRIPTIVE TEXTS

LC-VSL4
LC-VSL5
LC-VSL6
LC-VSE1
LC-VSE2
LC-VSE3
LC-VSE4
LC-VS-T

Excitement

Quality

Roles
Usefulness

Replacing in
distance learning

Replacing in faceto-face learning

taking a course
using virtual
specimens only

74% (55)
69% (120)
78% (136)
57% (99)
34% (59)
33% (58)
NA
NA
NA
NA
NA

Code composition: VG = Virtual geology learning tools; VS = Virtual Specimens; L = Likert, E = Essay; U = Usefulness, Q =
Quality, R = Replacing traditional education, P = Preview/review of field-based learning, F = Regular field-based learning. Numbers
in shaded questions indicates the percentage of positive responses (agree and strongly agree) of the experimental subgroup. The values
are in percentage (actual number of responses).
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Table 5.2

Values and roles of Virtual Specimens (tested by VGLTs Test Group).
Values

Code

Question

VG-VSL1
VG-VSL2

They helped me easily investigate
the rock specimens.
They helped me learn about and
analyze the rock's geological
features.
It will help students learn as much
as they will do out in the field.
It will be helpful in previewing
and reviewing the fieldtrip.
It will be useful for regular field
geology education.
Do you have any comments or
suggestions on 3D Rock Models,
including their pros and cons?
(Values and Roles proposed by)

VG-VSL3
VG-VSL4
VG-VSL5
VG-VSE

VG-VST

DESCRIPTIVE TEXTS

Excitement

Quality

Usefulness

Replacing
traditional
education

Roles
Preview/review
of field-based
learning

Regular
field-based
learning

100% (6) /
90% (9)
100% (6) /
80% (8)
50% (3) /
30% (3)
100% (6) /
90% (9)
100% (6) /
70% (7)
Daisy
Harold
Ryan
Penelope

great;
absolutely
love the
idea; wasn't
expecting
to see;
great
example
field rocks

Andrew
Caleb
Harold
Daisy
Ryan
Penelope
Violet
excellent quality; very high
in detail; very detailed;
have never seen such
detailed; amount of detail
is impressive; so clearly;
detail was far better;
comparable to looking at
hand sample; colors were
well preserved; show good
detail

Daisy
Usher
Violet

Daisy
Gavin

Caleb
Penelope

especially
useful;
appropriately
displays; use
these either as
learning tool
of in
conjunction
with fieldbased work

could learn
the same
thing; a good
alternative to
actually
going out

good for
previewing the
field trip; in
advance or
after field work
was complete

Code composition: VG = Virtual geology learning tools; VS = Virtual Specimens; L = Likert, E = Essay; U = Usefulness, Q =
Quality, R = Replacing traditional education, P = Preview/review of field-based learning, F = Regular field-based learning. Numbers
in shaded questions indicates the percentage of positive responses (agree and strongly agree) of the professional and non-professional
subgroups. The values are in percentage (actual number of responses). The values for the non-professional group are preceded by the
professional group.
163

Table 5.3

Values and roles of Virtual Roadcut (tested by VGLTs Test Group).
Values

Code

Question

VG-VRL1

It helped me see the entire
structure and the detailed
features at the same time.
It helped me learn about
and analyze the site's
geological features.
It will help students learn
as much as they will do out
in the field.
It will be helpful in
previewing and reviewing
the fieldtrip.
It will be useful for regular
field geology education.
Do you have any
comments or suggestions
on Gigapixel image of
roadcut, including its pros
and cons? (Values and
Roles proposed by)
DESCRIPTIVE TEXTS

VG-VRL2
VG-VRL3
VG-VRL4
VG-VRL5
VG-VRE

VG-VRT

Excitement

Quality

Usefulness

Replacing
traditional
education

Roles
Preview/revi
ew of fieldbased
learning

Regular
fieldbased
learning

100% (6) / 100% (9)*
100% (6) / 89% (8)
33% (2) /
44% (4)
100% (6) /
100% (9)
100% (6) /
55% (5)
Harold
Daisy
Gavin
Penelope
enjoyed; great product;
very good way; very neat
way; better engagement;
amazing quality; without
it, I don't think I would
have ever realized; a
great resource

Andrew
Caleb
Gavin
Penelope
Ryan
Usher
excellent
quality; high
quality; very
clear; high
resolution; in
such detail; up
close

Penelope
Spencer
Usher

Spencer

very helpful; able to
distinguish; appropriate for
identifying; is quite
useful;(made it available to
reach above); (unavailable
without it); (made it
available to mitigate)

could be
used as an
alternative
to field
trips.

* In addition to having ‘Usefulness’ value, it can also be interpreted as having ‘Versatility’ value. Code composition: VG = Virtual
geology learning tools; VR = Virtual Roadcut; L = Likert, E = Essay; U = Usefulness, Q = Quality, R = Replacing traditional
education, P = Preview/review of field-based learning, F = Regular field-based learning. Numbers in shaded questions indicates the
percentage of positive responses (agree and strongly agree) of the professional and non-professional subgroups. The values are in
percentage (actual number of responses). The values for the non-professional group are preceded by the professional group.
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Table 5.4

Values and roles of Virtual Overlook (tested by VGLTs Test Group).
Values

Code

Question

VG-VOL1

It helped me better understand
how geological objects are
geographically related.
It was useful for overviewing the
entire field settings.
It will help students learn as much
as they will do out in the field.
It will be helpful in previewing
and reviewing the fieldtrip.
It will be useful for regular field
geology education.
Do you have any comments or
suggestions on Virtual tours using
360-degree panoramas with a
variety of information and
objects, including their pros and
cons? (Values and Roles
proposed by)
DESCRIPTIVE TEXTS

VG-VOL2
VG-VOL3
VG-VOL4
VG-VOL5
VG-VOE

VG-VOT

Excitement

Quality

Usefulness

Replacing
traditional
education

Roles
Preview/review
of field-based
learning

Regular
field-based
learning

100% (6) / 100% (10)
100% (6) / 100% (10)
50% (3) /
60% (6)
100% (6) /
100% (10)
83% (5) /
80% (8)
Andrew
Daisy
Penelope
Violet

Ben
Daisy
Penelope
Usher
Violet

I enjoyed; my
favorite; I
loved; I much
prefer it; a
great way

a lot more effective; was
great for seeing; extremely
useful; will be great for
teaching students about; to
useful; more helpful when
looking at; better
application; included links
to pertinent information; a
great way to put everything
together

Code composition: VG = Virtual geology learning tools; VO = Virtual Overlook; L = Likert, E = Essay; U = Usefulness, Q = Quality,
R = Replacing traditional education, P = Preview/review of field-based learning, F = Regular field-based learning. Numbers in shaded
questions indicates the percentage of positive responses (agree and strongly agree) of the professional and non-professional subgroups.
The values are in percentage (actual number of responses). The values for the non-professional group are preceded by the professional
group.
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Table 5.5

Values and roles of Virtual Helicopter Tour (tested by VGLTs Test Group).
Values

Code

Question

VG-VHL1

It helped me better understand
how they are geographically
related.
It was useful for overviewing the
entire field settings.
It helped me better understand
geomorphology of terrain more
than the base map.
It helped me learn about and
analyze geological features of
terrain.
It will help students learn as much
as they will do out in the field.
It will be helpful in previewing
and reviewing the fieldtrip.
It will be useful for regular field
geology education.
Do you have any comments or
suggestions on a 3D Map App
with 3D Terrain Models,
including its pros and cons?
(Values and Roles proposed by)
DESCRIPTIVE TEXTS

VG-VHL2
VG-VHL3
VG-VHL4
VG-VHL5
VG-VHL6
VG-VHL7
VG-VHE

VG-VHT

Excitement

Quality

Usefulness

Replacing
traditional
education

Roles
Preview/review
of field-based
learning

Regular
field-based
learning

100% (6) / 100% (10)
67% (4) / 100% (10)
100% (6) /
90% (9)
66% (3) / 60% (6)
33% (2) /
40% (4)
100% (6) /
100% (10)
83% (5) /
60% (6)
Daisy
Penelope
Violet

Daisy

Absolutely
beautifully
designed and
executed; very
much enjoyed;
definitely cool;
really interesting
way

detailed

Caleb
Daisy
Spencer
Usher
Violet
a good overview of the
areas; a great job of
showing; give us new
insight on; a good
overview of the study
area; compile a lot of
related information
together; a good way
to visually represent

Violet also added “It would be easy for a classroom to access this” indicating applicability of Virtual Helicopter Tour. Code composition: VG = Virtual geology learning tools; VH = Virtual Helicopter
Tour; L = Likert, E = Essay; U = Usefulness, Q = Quality, R = Replacing traditional education, P = Preview/review of field-based learning, F = Regular field-based learning. Numbers in shaded
questions indicates the percentage of positive responses (agree and strongly agree) of the professional and non-professional subgroups. The values are in percentage (actual number of responses). The
values for the non-professional group are preceded by the professional group.
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Assessment of virtual geology learning
Assessment of the VGLTs was obtained for all VGLTs except the 3-D Virtual Explorer
game within informal learning environments through Likert-scale and open-ended feedback from
VGLTs Test Group. This feedback was further probed by identifying responses from those
participants/subgroups with professional and non-professional backgrounds.
For Virtual Specimens, mixed-methods research in traditional college undergraduate
geology laboratory settings was conducted. Both Likert-scale and open response feedback was
gathered from experimental course sections (Lab Course Test Group). Performance on specimen
identification for the experimental groups with Virtual Specimens was compared against the
control groups that did not have access to Virtual Specimens.
The primary finding of this study is that various types of VGLTs were affirmed by
geology professionals and non-professionals as being helpful in creating effective learning
environments that can facilitate the active learning of students in both formal and informal
educational settings.
Feedback from research subjects in the Lab Course Test Group and VGLTs Test Group
indicates that virtual geology learning was useful in situations that traditional education cannot
easily address. This includes the ability of virtual geology learning that allowed students to
access geologic features beyond the reach of typical access methods. The virtual geology
learning also proved to be a convenient way of geology learning because students were not
limited by time spans for exploring a feature. Students did not have to risk crossing a dangerous
road or climbing up a mountain. Virtual learning through aerial survey brought detailed
information and media through aerial images, videos, panoramas, and DEMs, and helped
students have unusual views of geologic features as if they are looking from an overlook. It also
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saved time spent at geologic features because it removed the need to explore everywhere in the
areas of interest. Virtual geology learning can be undertaken anytime repetitively when students
are ready to do it at their convenient times and locations. Students with handicaps or accessibility
problems can also access virtual learning anytime they want from places they want. Students
with health problem during their regular field-trip schedule can finish their mission with virtual
geology learning.
Virtual learning also improved the traditional college geology learning by adding more
opportunities to learn in various ways in a more convenient and comfortable environment.
Students can take virtual study materials, including Virtual Specimens, 3D Virtual Explorer, and
VR representations, outside of the classroom for extra study. Students can also access Virtual
specimens or Virtual roadcuts to check their work during the regular class hours. Students may
need more time to finish their work or may have to do their activities at different time other than
the normal class hours because of their illness or family obligations. This is where virtual
geology learning can help.
However, the usefulness and effectiveness of virtual geology learning and students’
satisfaction with it can largely depend on VGLTs’ quality. Students’ feedback from both test
groups implies that students are very satisfied with VGLTs’ quality and they think VGLTs
developed in this research are very useful in formal and informal college geology education.
Virtual geology learning improved active learning by enhancing students’ enthusiasm
toward geology learning and the excitement and amusement of learning by letting them play with
fun and exciting virtual objects and in virtual learning environment (i.e., ‘Excitement’ column in
tables 5-1 through 5.5). Feedback from both test groups indicates that participants enjoyed
Virtual Specimens and other VGLTs and were excited to use virtual tools in geology learning.
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Virtual representation of hand samples, roadcuts, a field overlook, terrain, and natural
environment has improved the exciting and fun nature of geology learning. Digital manipulation
of virtual objects, including rotating and zooming with students’ input devices, was a fun way of
working with the objects and the landscapes. Immersive virtual geology learning with virtual
reality (VR) environment increased the immersive presence of students in the virtual
environment and improved students’ excitement and amusement toward geology learning.
Bonwell and Eison (1991) defined active learning as anything that engages students in
doing something and thinking about what they are doing. When students think about their
learning process, or engage in metacognition, active learning is promoted by giving students
opportunities to reflect their own learning habits or their learning process (Bonwell & Eison
1991). Students will be able to further promote their self-reflection if they are required to write
short essay or have chances to talk about their learning similar to the reflections that survey
participants were asked to do in this research (Shaaruddin & Mohamad 2017; Turky 2017).
Participants communicated that different learning materials and environments, such as those
encountered by students who were exposed in virtual geology learning in tandem with physical
materials in traditional learning environments, will encourage students to compare and to
contrast their learning processes, thereby enhancing students’ self-reflection. This will eventually
lead to improved active learning.
To summarize, it can be inferred that, when integrated with traditional geology learning
environments, virtual geology learning will enhance active learning by creating opportunities in
which students can be involved in the learning process. Participants in both test groups compared
virtual geology learning with their experiences with physical specimens or physical
environments. This indicates that they are reflecting their virtual learning process with their
169

physical or traditional learning process. Participants mentioned that, through learning with
VGLTs, they were able to address content and processes that traditional learning cannot easily
address. However, they also expressed that learning with VGLTs prohibited them from physical
interaction that was very important when they learned in physical environments. Integrating
virtual geology learning with traditional learning gave participants opportunities to think why
interacting with hands-on samples and physical environments are important, and what can be
gained by working with hands-on samples or learning with actual field-based activities. It also
helped students think about what opportunities those physical activities can offer to them and
what was unavailable or hard to address when learning with physical objects or in physical
environments. Just as the student participants in this research reflected upon their learning
through the survey questions, having students learn with virtual geology learning with traditional
specimens in traditional environments will give students opportunities to compare their learning
even though they are not asked to fill out the survey. It can be inferred that letting students
reflect their activity after finishing their activity might further encourage students to reflect upon
their learning.
Virtual geology learning was perceived by research subjects as an excellent tool for
previewing and/or reviewing in-person field-based learning although it cannot, and is not
recommended to, completely replace learning in physical environments (i.e., ‘Roles’ columns in
Table 5.2 through 5.4). One of the important findings is that virtual geology learning is
recognized as a powerful alternative to traditional hands-on activities or regular field-based
geology education in cases where unfavorable situations exist for undertaking them. This is
confirmed by VGLTs’ perceived values and roles in Table 5.2 through 5.4.
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Distance learning was perceived as one of the modern college educational delivery
methods which will benefit more from virtual geology learning than traditional face-to-face
learning (i.e., ‘Roles’ column in Table 5.1), considering that the mode of delivery is mostly
based on virtual materials and methods such as digital images, videos, digital documents, emails,
online conversation, and online forums.
Having various VGLTs is particularly important because instructors can help address
different aspects of traditional college geology learning, increasing the versatility and integrity of
virtual learning in tandem with traditional learning. For example, Virtual Specimens can be
integrated into large traditional lecture courses when instructors want to encourage students to
learn with more realistic and 3-dimensional specimens when physical specimens are not
available to a large number of students. Instructors can ask students to engage in the class
content by actively examining virtual specimens with their mobile devices. Students can further
learn with virtual specimens after the normal class hours. Instructors can also undertake several
types of virtual field trips from the classroom or at students’ own leisure. Virtual Roadcuts,
Virtual Overlooks, Virtual Helicopter Tour, and 3D Virtual Explorer can be chosen depending
on the class’ learning goal and can be experienced by a large number of students with their
mobile devices even in a large lecture hall. The fun and interesting virtual nature will create a
positive atmosphere that will help engage students. VR facilities are available in a limited way
because of the number of VR devices and size of the VR classroom. But with an increasing
investment in facilities on the college level, small classes can now be moved to VR labs to
experience a more immersive way of active learning. MSU’s Center for Advanced Vehicular
Systems (CAVS) Mixed-Reality Studio provides the sufficient facilities in terms of the number
and the quality for small classes with fifteen or fewer students.
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Incorporating a small number of virtual specimens in college laboratory courses with
other physical specimens will create a more fun and interesting atmosphere as it was evidenced
from students’ feedback in the ‘Excitement’ column in Tables 5.1 through 5.5. The fun nature of
a class can positively contributes to active learning. Integrating Virtual Specimens in laboratory
courses can also supplement students’ learning by providing them with extra opportunities for
accessing the specimens outside of the laboratory either individually or in a group. Virtual field
trips using VGLTs and VR labs can also be introduced in laboratory courses as it was discussed
earlier.
Virtual learning with Virtual Specimen
The high visual quality and interactive nature of Virtual Specimens helped students focus
on investigating specimens and learn a lot from that. The research on Virtual Specimens with the
Lab Course Test Group revealed that virtual specimens were a useful way of learning and
students enjoyed working with them. However, students’ satisfaction varied slightly depending
on the quality of virtual specimens. The quality of virtual fossiliferous limestone perceived by
students was excellent but virtual gneiss had some imperfections in it (Figure 5.1).
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Figure 5.1

Imperfections remained in the virtual gneiss specimen (red circle).

Students noted a slightly lower satisfaction on this specimen and hinted that it was because
imperfections remained in some parts of virtual gneiss specimen.

Students who said they were satisfied with the quality of virtual specimens stated that
they enjoyed the full detail of fossiliferous limestone. However, those who expressed a slight
dissatisfaction with the quality of virtual specimens hinted that they recognized some
imperfections in the rocks, including gneiss. Although the imperfections in the virtual gneiss
specimen did not blur the texture below the level students needed to investigate, they appeared to
be dissatisfied with the specimen for aesthetic reasons.
On the other hand, most of the students pointed out that they cannot experience physical
interactions with virtual specimens. This cannot be overcome with virtual specimens and it tells
us why virtual specimens cannot completely replace their physical counterparts.
Students thought virtual specimens will be very useful if they are combined with physical
specimens in face-to-face and distance learning classes (Code LC-VS-L5 in Table 5.1).
Moreover, they thought that virtual specimens can replace physical specimens in distance
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learning classes (Code LC-VS-L4 in Table 5.1). However, they indicated that using only virtual
specimens in face-to-face learning will not be effective (Code LC-VS-L6 in Table 5.1).
Another important finding is that, through the researcher’s observation, instructors’
verbal feedback, and students’ essay responses, virtual specimens appear to encourage a passion
for geology in students. Passion in learning may trigger further active learning.
The performance of the Lab Course Test Group4 on specimen identification showed that
there was no significant difference (p = 0.697) between group averages of experimental and
control groups. For physical specimens, the experimental groups scored better than the control
groups. For both of physical and virtual specimens, however, the experimental groups (m = 0.89,
σ = 0.023) were outperformed by the control groups (m = 0.902, σ = 0.026). This is because the
experimental groups scored less than the control groups for virtual specimens. Therefore, it
seemed to make sense that virtual specimens were the main factor that caused the relatively
lower performance by the experimental groups than the control groups.
However, students’ performances for individual specimens tells us a slightly different
story. There was no significant difference (p = 862) between group means of the experimental (m
= 0.878, σ = 0.100) and control groups (m = 0.887, σ = 0.043) for fossiliferous limestone. Virtual
gneiss didn’t show a significant difference (p = 0.606) between experimental (m = 0.927, σ =
0.089) and control (m = 0.956, σ = 0.098) groups either. However, there existed a significant
difference (p = 0.0002) for slate between the two groups (m = 0.701 and σ = 0.074 for the
experimental group, and m = 0.948 and σ = 0.078 for the control group)

4

N = 12 sections of 323 subjects; n = 7 sections of 209 subjects for experimental group, and n = 5 sections
of 144 students for control group.
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I do not believe there was substantial loss of texture or any imperfection in virtual gneiss
that could lead students to a faulty identification. Instead, I observed that significant number of
students were confused with the numbering for the specimens. A few of the instructors have also
mentioned students’ confusion caused by the numbering issue. Metamorphic specimens were to
be numbered from 40 through 46, but both schist and slate were numbered to 45. The head
instructor found this error when she started the first class of the week and decided to change the
number for slate to 45b. The other instructors changed the numbers the same way but some of
them assigned 45b to schist, not to slate. Later, I observed from the copies of students’
worksheets that were graded by instructors that some students switched the number between
schist and slate within a section. This indicates that students might have been confused with the
numbering of specimens. This must have affected the experimental and control groups the same
way. However, we need to consider that the experimental group students got additional
complexity in doing their work by having to investigate specimens both virtually and physically,
which could introduce some confusion or errors. Experimental group students might have been
more prone to errors than control group students because of this additional complexity or
perturbations caused by any changes. Therefore, I assume that the numbering issue might have
caused more confusion within the experimental group than the control group, especially for
virtual specimens that were involved in that numbering issue. That specimen was slate.
The investigation on Virtual Specimens with the VGLTs Test Group indicates that both
professional and non-professional group participants thought virtual specimens are helpful in
learning geologic features of specimens, and they think these specimens will be very useful in
previewing and reviewing students’ field-based learning. However, both groups were reluctant to
say virtual specimens will help students learn as much as they will in the field. Overall, the
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professional group recorded more positive responses than the non-professional on all survey
questions.
Virtual learning with Virtual Roadcut
The huge zoomable 2D gigapixel images of Virtual Roadcut created a way that students
can interactively switch between the entire structure and an up-close texture of the rocks in a
roadcut through simple scrolling with their mouse wheel. The high visual quality of the 2D
image and swift zooming capability helped students get an alternative way of experiencing the
real roadcut.
In this research, Virtual Roadcut was developed for a huge section of Kingsland
glauconite outcrop beside a busy highway. The physical length of the roadcut is about 200
meters with the maximum height reaching about 4 meters. The majority of survey participants of
VGLTs Test Group thought that virtual roadcut is helpful in seeing the entire structure and the
detailed features, and learning about and analyzing geologic features of the outcrop (Table 5-3).
They also thought that virtual roadcut will be very useful in previewing and reviewing students’
field-based learning. However, both groups were hesitant to say this tool will help students learn
as much as they will in the field. Overall, the professionals provided more positive responses
than the non-professionals on all survey questions.
One thing I discovered after creating and assessing Kingsland glauconite roadcut was that
the focal length (F = 24 mm) of the camera lens mounted on a full-frame DSLR camera used to
take pictures of the roadcut was slightly shorter than what it actually should be in order to
takethe full details of the glauconite texture. A plan will need to be developed to calculate the
proper focal length of a camera lens to take the full details of an object of interest.
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Feedback received in essay format from one of the students (Penelope) shows how
important this virtual roadcut will be in field-based college geology learning. She mentioned that
they were only be able to investigate the bottom line of the outcrop because of the steep and tall
outcrop beside a busy highway and their limited time allotted to that site. Virtual Roadcut
delivered detailed textural information of the upper part of the outcrop from which students can
easily investigate the geologic features, which was unavailable in the field. The massive traffic
on the highway beside the roadcut imposed additional troubles investigating the outcrop. Virtual
Roadcut proved that it can successfully aid field-based learning by offering increased
accessibility and mitigating the risk imposed on the field activities.
Virtual learning with Virtual Overlook
With the panoramic 360-degree Virtual Overlook, students were able to learn as if they
were looking at geographic and/or geologic features from a real overlook. Virtual overlook was
the most popular tool among those VGLTs developed in this research. The majority of survey
participants of VGLTs Test Group noted that virtual overlook was helpful in understanding the
geographical relationship of geological objects and overviewing the entire field setting (Table 54). They also thought that virtual overlook will be very useful in previewing and reviewing
students’ field-based learning. However, both groups were hesitant to say this tool will help
students learn as much as they will in the field. Overall, the professional group provided more
positive responses than the non-professionals on all survey questions.
Holobuilder was chosen as a panoramic 360-degree virtual tour platform in this research
as it supports embedding custom 3D models. This will be very important because it makes it
possible to embed virtual specimens of rocks and fossils collected at the areas of interest.
However, Holobuilder did not support dynamic manipulation of 3D models in a scene. 3D
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models were static and could not be rotated nor zoomed. As technologies improve, I expect there
will be more dynamic contents available in a scene.
Virtual learning with Virtual Helicopter Tour
As a virtual globe such as Google Earth, Virtual Helicopter Tour basically provides an
interactive virtual world in which users can explore the geospatial features of the real world on a
3D interactive map platform. By adding customized DEMs created through photogrammetry
with UAS, this tool comes to have more geologic importance as it allows students to examine the
geologic features from those DEMs.
Virtual Helicopter Tour appeared to be a less popular VGLT. I believe it was mainly
because Sputnik Web tested by VGLTs Test Group was cumbersome and did not perfectly
render DEMs on their 3D map. Cesium ION has provided better 3D map platform which
resolves those issues for Sputnik Web. ArcGIS Earth and Google Earth also provide uploading
custom DEMs in the virtual globe but they run very slow.
By adding DEMs with much higher resolution and adding more information and media
that will be useful for field-based learning, Virtual Helicopter Tour has the potential to become
one of the most effective tools in the virtual geology learning.
The majority of survey participants of VGLTs Test Group revealed that Virtual
Helicopter Tour was helpful in understanding the geographical relationship of geological objects
and overviewing the entire field setting. They also thought that Virtual Helicopter Tour will be
very useful in previewing and reviewing students’ field-based learning. However, both groups
were uncertain if this tool will help students learn as much as they will in the field. Overall, the
professional group showed more positive responses than the non-professionals on all survey
questions.
178

3D Virtual Explorer
The 3D Virtual Explorer is a great way to visualize the natural learning environment in
the virtual world. It provided a high-quality photorealistic and interactive environment in which
learners can explore the virtual world as they play a game. In this research, I have developed the
Lizard of Prosser, a 3D Virtual Explorer created for the contemporary geologic settings near the
Prosser Rock and Table Top in Saguache County, Colorado.
This tool, however, has not been tested in this research and will be one of the most
important future research topics.
Virtual Learning with VR Lab
The VR Lab has been tested for virtual specimens and proved it can create an exciting
and fun learning environment although the visual quality is not as great as Virtual Specimens.
The visual quality of VR Specimens (VR representation of Virtual Specimens) can further be
improved by adopting technological improvements that might happen in the near future.
Students’ satisfaction about the quality of VR Specimens was not better than Virtual Specimens.
Students did not believe that VR Specimens will be more effective than Virtual Specimens or
physical specimens for a serious learning purpose primarily because of inferior visual quality
compared to other representations. However, students have pointed out that VR Specimens
provide very fun and exciting learning environment. They believed VR Specimens will be very
useful in promoting students’ motivation. They also believed that VR Specimens will be useful
in learning if it will be able to resolve the issue related to the visual quality.
Lots of American universities have already started to set up mixed-reality facilities to
support learning in the virtual world. However, those facilities need to be expanded further to
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support individual classes. Having set up facilities enough both in numbers and quality will be
the next step to fully utilize VR Lab to achieve active learning in college geology education.
Implications
Up to now in this chapter, I have examined two primary research questions. The first
primary research question was how technologies can be used to develop VGLTs that could be
effective in active learning. The latest advancement of technologies in photography, image
processing, GIS, photogrammetry, 3D rendering, tiled image technologies, virtual panoramic
tour creation, interactive 3D map programming, 3D game programming, and VR technologies
were used to meet the required level of quality, excitement, and usefulness of virtual geology
learning tools.
To accomplish active learning with VGLTs developed in this research using the
technologies stated above, the required quality for VGLTs was primarily set to the visual quality
that is sufficient to allow students to virtually perform a lab or a field-based learning in college
geology education. The VGLTs should be fun and exciting to keep students engaged in learning.
VGLTs should also let students think that working with it is useful and helpful for achieving
their learning goals.
In selecting technologies to develop VGLTs, the most important consideration was that
virtual learning should be able to address students’ needs in various aspects of college geology
education. Geology learning should be centered in the physical world because understanding the
physical nature of Earth is one of the ultimate goals of geology. However, physical world and
human society does not always satisfy students’ needs for learning better. The first theory of
virtual geology learning, therefore, should be that it needs to address what physical world and
human society cannot offer for students in traditional educational settings.
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One of the drawbacks for virtual learning is the lack of interaction of students with the
real nature or physical world. Students may be put aside without sufficient engagement in
learning processes. Students need to be asked to actively interact with virtual entities and virtual
environments. Therefore, the increased interactivity in VGLTs will facilitate engaging students
in the virtual learning process.
The second primary research question was how effective the VGLTs are in achieving the
active learning. From test groups’ feedback, it was demonstrated that students enjoyed learning
through VGLTs, and they thought the quality of VGLTs is good enough to perform activities
they needed to do. Each VGLT was also able to address different aspects of college geology
education. Although the test groups’ feedback did not clearly show that VGLTs can help
students learn as much as they can with traditional learning, VGLTs still showed firm support
from the test participants.
The feedback from both test groups proved that the current VGLTs are sufficiently good
to be used in college geology education. From participants’ feedback, it is evident that VGLTs
need to be improved by incorporating more useful information within them. In case of the
Virtual Helicopter Tour, the DEMs created through aerial photogrammetry need further
improvement.
The next step of this research should be about improving the quality of aerial DEMs to
improve the Virtual Helicopter Tour. The number of Virtual Specimens needs to be expanded to
incorporate more specimens of different types. The time-consuming process of taking pictures of
specimens also needs to be improved. I need to develop practices for selecting camera lenses
with adequate focal length to reveal detailed textures of the Virtual Roadcut. I also need to
consider developing technologies to embed more dynamic contents in Virtual Overlook,
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including embedding dynamic 3D models. 3D Virtual Explorer needs to be tested in formal and
informal learning environments. VR Lab should also be expanded to represent other VGLTs and
needs to be tested accordingly. Future research should be able to address how we can provide
easier and more effective ways to access specimens of rocks, minerals, and fossils in secondary
and higher education, and how we can best integrate virtual geology learning with traditional
learning in college geology education.
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Students’ questionnaire for survey on Virtual Specimens
Survey results were collected in person.
Participants Questionnaire of the Digital Geology Labs (Post-lab survey)

Lab section #_______
Please complete the following questionnaire by placing an X in the appropriate box or by
giving a short answer.
1. Which device did you use to access the digital specimens?
2. What troubles did you have (if any) in accessing and manipulating digital specimens with
your device?
3. In what sense were digital specimens more effective in doing your work than real
specimens?

4. In what sense were digital specimens less effective in doing your work than real specimens?

5. I enjoyed working with digital specimens in the lab.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜
6. Digital specimens helped me easily identify rocks.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜
7. The visual quality of digital specimens was good enough for identifying rocks.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜
8. I think digital specimens will be able to replace real samples in distance learning classes.
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Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜
9. I think digital specimens will be able to replace real samples in face-to-face learning classes.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜
10. I will advise my friends to take a geology lab course which uses digital specimens only.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly
agree ⬜

Instructors’ questionnaire for survey on Virtual Specimens
Survey results were collected through Google Forms.
Instructor’s Questionnaire for the Virtual Geology Labs (Post-lab survey)
This is a questionnaire for the instructor for the Virtual Geology Lab. In October, your students have
done a virtual geology laboratory with one virtual sedimentary rock, fossiliferous limestone, and two
metamorphic rocks, gneiss and slate. Please complete the following questionnaire by clicking on an
appropriate circle or by giving a text answer.
1. I think my students enjoyed virtual specimens.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
2. I enjoyed teaching with virtual specimens in the lab.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
3. Virtual specimens were easier to teach.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
4. The visual quality of virtual specimens was good enough to teach in an introductory laboratory
course.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
5. I think virtual specimens will be able to replace physical samples in distance learning classes.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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6. I think virtual specimens will be able to replace physical samples in face-to-face learning classes.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
7. I think this technology will be able to provide students with a geology lab course which uses virtual
specimens only although I admit it is not a good way for teaching.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
8. What troubles did you have while you were teaching with virtual specimens?
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
9. In what sense were virtual specimens more effective in teaching?
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
10. In what sense were virtual specimens less effective in teaching?
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
11. Do you have any comments or suggestions on virtual geology laboratory?
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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Questionnaire for Virtual Geology Learning Tools Test Groups
Survey results were collected through Google Forms.
Survey on the Virtual Field Trip Collection
Please submit feedback regarding the Virtual Field Trip Collection that is composed of Gigapixel
images, 3D Rock Models, 3D Map App with 3D Terrain Models and Rocks, Virtual Tours using 360degree Panoramas with a variety of information and objects. Please follow the instruction for
completing this survey which is at http://bit.ly/2JB6dPt
Your name:
1-1. Gigapixel image of roadcut:
It helped me see the entire structure and the detailed features at the same time.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It helped me learn about and analyze the site's geological features.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

1-2. Do you have any comments or suggestions on Gigapixel image of roadcut, including its pros
and cons?

2-1. 3D Rock Models:
They helped me easily investigate the rock specimens.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
They helped me learn about and analyze the rock's geological features.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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It will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

2-2. Do you have any comments or suggestions on 3D Rock Models, including their pros and
cons?

3-1. A 3D Map application with Terrain Models embedded in it (Table Top, Prosser Rock, and
P2):
It helped me better understand how they are geographically related.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It was useful for overviewing the entire field settings.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It helped me better understand geomorphology of terrain more than the base map.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It helped me learn about and analyze geological features of terrain.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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3-2. Do you have any comments or suggestions on a 3D Map App with 3D Terrain Models,
including its pros and cons?

4-1. Virtual tours using 360-degree Panoramas with a variety of information and objects
including images, videos, 3D models, geologic maps, and text:
It helped me better understand how geological objects are geographically related.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It was useful for overviewing the entire field settings.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

4-2. Do you have any comments or suggestions on Virtual tours using 360-degree panoramas
with a variety of information and objects, including their pros and cons?

5-1. All of these Virtual Field Trip Materials combined together (Collection of VFT Materials):
It helped me better understand how geological objects are geographically related.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It was useful for overviewing the entire field settings.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It helped me learn about and analyze geological features of objects.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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It will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
It will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

5-2. Do you have any comments or suggestions on this Collection of the VFT Materials, including
its pros and cons?
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Students’ questionnaire for survey on VR Lab of Virtual Specimens
Survey results were collected in person.
Survey on the VR Geology
Please submit feedback regarding the Virtual Field Trip Collection that is composed of Gigapixel
images, 3D Rock Models, 3D Map App with 3D Terrain Models and Rocks, Virtual Tours using 360degree Panoramas with a variety of information and objects. Please follow the instruction for
completing this survey which is at http://bit.ly/2JB6dPt
Your name:
Your major:
Your school year:

1. Which device did you use to access the VR Geology?
2. What troubles did you have (if any) in accessing and manipulating VR Geology with your device?
3. In what sense did you like VR Geology?

4. In what sense did you not like VR Geology?

5. I enjoyed working with VR Geology.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
6. VR Geology helped me easily implement the mission.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
7. The visual quality of VR Geology was good enough for getting focused on learning objects.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
8. I think VR Geology will be able to replace field-based learning classes.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
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9. I think VR Geology will be able to replace field-based learning in face-to-face learning classes.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
10. I will advise my friends to take a geology lab course which uses VR Geology only.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

11. VR Geology helped me better understand how they are geographically related.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
12. VR Geology was useful for overviewing the entire field settings.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
13. VR Geology helped me better understand geomorphology of terrain more than the base map.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
14. VR Geology helped me learn about and analyze geological features of terrain.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
15. VR Geology will help students learn as much as they will do out in the field.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
16. VR Geology will be helpful in previewing and reviewing the fieldtrip.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜
17. VR Geology will be useful for regular field geology education.
Strongly disagree ⬜ Disagree ⬜ Uncertain/No applicable ⬜ Agree ⬜ Strongly agree ⬜

18. Do you have any comments or suggestions on VR Geology, including its pros and cons?
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